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2. 
PREFACE 
The publications included in this thesis have not 
previously been submitted for any other degree. The 
twenty papers listed here record and discuss a research 
programme planned and initiated by the author. 
Occasional collaboration was made with experts in other 
disciplines (see below). 
The publications are listed on pages 3-4 and are 
subsequently referred to by Roman numerals. Other 
references are included as a separate list. 
The candidate's contribution in the different 
publications falls into the following categories: 
Twelve papers in which all the laboratory work was 
performed by the author (II, III, IV, V, VI, VIII, 
xii, xiii, xiv, xvii, xviii, xix). 
Two papers in which the author performed a large 
part of the laboratory work, the remainder being 
done by a postgraduate worker under his super-
vision (VII, IV). 
Two papers describing work performed by post-
graduate workers under the direct supervision of 
the candidate (x, XI). 
Three papers in which the work was performed in 
collaboration with experts in other disciplines 
(I, IX, XVI). 
5. 	One review (xx). 
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5. 
OBJECTS OF THE RESEARCH PROGRAMME 
Although many different types of polysaccharide 
from a wide variety of sources have been the subject 
for structural studies, only in the past decade have 
many bacterial polyaaooharide structures been success-
fully elucidated. 	The knowledge of such structures 
can in itself provide some indications about their mode 
of synthesis. 
The object of this programme was to determine the 
structure of a number of bacterial exopolysaccharides 
in order to gain some idea about their mode of synthesis 
and also to enable the choice of a system for further 
study. Such a system should be amenable to studies on 
j)OlysaOoharide synthesis in cell-free systems and on the 
mechanisms of regulation and control by which the 
bacterial cell organises its formation. 	For this 
reason, attention was focussed mainly on the bacterial 
family Enterobacteriaceae. All strains of bacteria 
belonging to this family grow readily in simple culture 
media, some are naturally mucoid, and mechanisms of 
genetic interchange between some of the genera are well 
characterised. It thus had many advantages over other 
bacterial genera. The use of polysacoharn.ee for 
structural studies has also led to a search for such 
enzymes and an investigation of their characteristics. 
6 . 
DISCUSSION 
1) POLYSACCARIDE STRUCTURE 
Polysaccharides are divisible into two major 
groups - homopo].yeacoharidee and heteropolysaccb.arides. 
The former are polymers composed of a single type of 
sugar, although more than one type of glycosidic bond 
may be present. 	In bacteria, these are exemplified by 
the intracellular polysacoharide glycogen and by such 
extracellular products as dextrans and cellulose. 	All 
these polymers are polyglucosee varying in the mole-
cular size, amount of branching and glycosidia bonds. 
Heteropolysacoharidee are more commonly found and 
include three major groups of bacterial cell wall 
constituents - mucopeptide, lipopolyeacclaarides and 
teichoic acids. 	In addition, most exopolysacoharidee, 
polymers found outwith the bacterial cell wall and cell 
membrane, are composed of several types of monomer. 
Strictly chemical methods of polysaccharide 
analysis have been applied to the plant exudate gums, 
starch, glycogen and to polysacoharidee extracted from 
marine algae (seaweeds) with some degree of success. 
They have not, until recently, supplied much detailed 
structural information about bacterial exopoly-
saccharides. 	This was probably because of the 
prevalence of uronic acids in these polymers and the 
failure to achieve complete methylation during the 
classical procedure of methylation, hydrolysis and 
7 . 
identification of partially methylated sugars. 	The 
result was a concept of bacterial exopolyaaccharides as 
highly branched polymers resembling the plant exudate 
gums. 	This difficulty was not overcome until the 
description by Hakamori (1964) of an Improved 
methylating agent and the subsequent application of the 
technique to the structural determination of Kiebsiella 
aerogenes type 54 slime polyeaccharide (Sandford and 
Conrad, 1966). 	Prior to this work which identified 
the polysaccharide structure as a relatively simple 
tetrasaccharide repeating unit, it was described as 'a 
highly branched molecular structure' (Aepinall, Jamieson 
and Wilkinson, 1956). 	This interpretation, although 
possible, seemed unlikely for several reasons. A very 
complex biosynthetic system would be required and it 
would have to function mainly at, or even outwith, the 
bacterial cell membrane. As transferaaee, the enzymes 
assumed to transfer monosaccharides from the appropriate 
precursor molecules to some type of acceptor, tend to be 
highly specific with regard to both their substrate and 
acceptor, a branched polysaccharide would need more 
enzymes for Its synthesis than would a linear polymer. 
The simplest model would be a system formed from some 
type of recurring units. 
An alternative to the purely chemical methods of 
polysaccharide analysis is a combination of chemical and 
biochemical techniques. 	The components of the poly- 
saccharides or fragments derived from It, can in many 
8. 
cases be determined by specific enzymic methods (XX). 
Enzymes can also be used to hydrolyse the poly-
saccharides directly (Section ii) or the oligo-
saccharides derived by partial acid hydrolysis (xx). 
These methods have proved extremely useful in work on 
the polyeaccharides of blood group substances and are 
exemplified by the results of Watkins (1966). 
Llpopolysaccharides are composed of an unusual 
lipid and a heteropolysacCharide. 	They are major 
components of the cell walls of most Gram negative 
bacteria. 	The lipid-free polysaccharide can be 
prepared fairly easily. Such polymers, found at the 
bacterial cell surface, are of antigenic importance, 
especially in pathogenic bacteria of the genera 
3almonella, Shigella and Eacheriohia. 	They have been 
the subject of many studies. As a result of chemical 
and biochemical methods applied to determine the 
structure of these polysaooharidee, their chemical 
composition and structure can now be related to the 
serological types (Luderitz, Staub and Westphal, 1966). 
They also provide examples of polymers in which two 
portions of the molecule are synthesised by separate 
pathways and subsequently assembled to form the whole. 
At the commencement of this programme, it was 
known that although Salmonella 'species' possessed lipo-
polyaaccharidee with differing sugar composition, 
mutants could be isolated which differed from the wild 
type ("Smooth") bacteria in this respect. 	In these 
9 . 
mutants, the lipopolysaccharidee contained only glucose, 
galactose, N-acetyl-D-glucoaamine, heptose and 2-keto-3-
deoxyoctonic acid (Xauffmann, Kruger, Luderitz and 
Westpkial, 1961). 	The loss of other sugars found in the 
corresponding "smooth" strains, could be due to failure 
to synthesise these sugars or to transfer them to the 
complete l±popolysaccharide. 	The simplified ohemotype 
in the mutant polysaccharides provided a suitable model 
for using the chemical and biochemical approach already 
outlined. 	From this work (II) It appeared that despite 
the complexity of the "wild type" polymers, the mutants 
contained polysaccharides of Identical structure and 
varying degrees of completeness. These results were 
confirmed by Osborn and her colleagues (Osborn and 
Rothfield, 1971) who used a series of mutants to confirm 
the carbohydrate sequence and indicated a distinct 
synthetic sequence. 	The mutants used In the studies on 
the "rough" polysaccharides were further oharacterised 
by assays for enzymes Involved in the synthesis of 
nucleotide dlphoaphoeugars which are known to function 
as glycosyl donors In the synthesis of many poly- 
saccharides (I). 	The development of this type of 
approach in several laboratories eventually provided 
comprehensive pictures of the structures of ilpopoly-
saccharides from several genera of the Enterobacteriaceae 
(Luderitz et al., 1966; Simmons, 1971; Luderitz, 
Westphal, Staub and Nikaldo, 1971). 	The complete 
structures contained three distinct entities designated - 
10. 
the core; basal structure; and 0-antigen or aide 
chains (fig. 1). 	The genus Xlebsiella with which much 
ot the work presented here has been concerned, conformed 
to the general pattern (III and Koeltzow, Epley and 
Conrad, 1968). 	One feature observed in the work with 
Salmonella "rough" lipopolyaaccharides (II) was the 
requirement for pure material free from contaminating 
polysaccharide. 	This might produce artifacts during 
partial acid hydrolysis and oligoaaccharide analysis. 
Application of similar methods of qualitative and 
quantitative analysis to bacterial exopolysaccharidee 
was now attempted. Earlier workers had frequently 
reported the results of qualitative analysis of such 
compounds, especially after the development of paper 
chromatography. Much attention had been paid to 
strains of Diplococcus pneumoniae. This was because of 
the role of capsulation in the virulence of this micro-
bial species and the classical genetic studies on 
bacterial transformation, in which capsulation was used 
as a genetic marker (reviewed by Jackson, 1962). As a 
result, the capsular polyaaocharidea of D. pneumoniae 
type III and type VIII were known to be formed from di-
saccharide and tetrasacoharide repeating units 
respectively (Heidelberger, 1960). 	The possibility 
remained of similar repeating units occurring in other 
bacterial exopolysaccharidee, but it was significant 
that elucidation of the pneum000coal polysaocharide 
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ii. 
specific polysacoharasea. 	The importance and value of 
such enzymes is considered separately (Section ii). 
Two genera of the Enterobacteriaceae offered 
possible fields of study. 	Eacherichia coil is not 
normally mucoid, but some slime and/or capsule-forming 
strains can be isolated. Among these are derivatives 
of strain Y12 which, because of its ability to undergo 
cell conjugation, has been widely used In bacterial 
genetic studies. 	The exopoiysaccharide from one such 
strain was termed 'oolanio acid' by Goebel (1963). 	Its 
component sugars were tentatively identified by paper 
chromatography of acid hydrolysates. Reports of 
similar polysaccharides from related strains and from 
the genus Salmonella can be found (see XX). 	This 
polymer was chosen as one subject for structural 
studies. Alternative systems for consideration were 
strains of Kiebsiella aerogenes. 	These have the 
advantage of producing large amounts of exopolysacoharide, 
the optimal conditions for polymer formation having 
already received study (Wilkinson, 1958). 	The isolation 
of non-capsulate, slime-forming mutants makes polymer 
isolation easier. 	One disadvantage, still unsolved, is 
the lack of adequate genetic exchange mechanisms in the 
genus fl.ebsiella, thus limiting the genetic information 
obtainable from mutants. 
Preliminary data on the composition of colanic acid 
preparations (IV) was In good agreement with the results 
of other workers. The structure of colanlo acid proved 
12. 
to be considerably more complex than the D. pneumoniae 
capsular polysaccharides. The polymer was composed of 
a hexaeaocharide repeating unit (VIII, Ix). 	As well as 
the monosaccharide components of the polysaccharides, 
each hexasacoharide contained acetate and pyruvate. 
The possible presence of acyl substituente in 
bacterial exopolysacoharidee has received little 
attention. Pyruvate was first identified in a 
bacterial polysaccharide as a ketal linked to glucose in 
:(anthomonae campestris material (Sloneker and Orentas, 
1962). 	Acetate has been widely found. 	The discovery 
of both components as part of the repeating unit of a 
bacterial exopolysaocharide provides evidence of the 
presence of acyl groups as part of such a structure. 
It also implies a necessity for the appropriate trans-
ferase enzymes and precursors at some stage In the bio-
synthetic process. 	The application of combined mass 
spectroscopy-gas liquid chromatography to the deter-
mination of lipopolysacobaride structure by Lindberg and 
his colleagues, indicated that it might also be applied 
to exopolysaceharides. 	This was confirmed by Garegg, 
Lindberg, Onn and Holme (1971) on Salmonella typhlmurium 
polyeaocharide. A joint study (XVI) on the exopoly-
cacoharide oolanic acid prepared from several strains of 
E. coli, Salmonella species and Aerobacter cloacae, 
indicated that the polyeaccharide structure was constant 
Irrespective of the source of the material. 	Considerable 
variations were found in the acyl groups. Several of the 
13. 
polysaccharides were pyruvylated, either as the 3 9 4-0-
carbodyethylidene-D-galactOae or the 4, 6-0-oarboethyl-
idene-D-galactoee terminals of the side chain structure 
(fig. 2). Acetate was present in all preparations 
except one. 	It may thus be possible for non-acetylated 
polysaccharide to be formed if the acetyl transferase 
enzyme is absent. Not all the polymers were 
pyruvylated. Some contained a 3,4-0-ethylidene-D-
galactose unit on the side chain of the polyaaocharide. 
Whether the presence of such aoyl variations is due to 
altered precursor or to a series of different precursors 
remains to be elucidated. Another possibility is that 
all the polysaccharides are first pyruvylated, perhaps 
using phosphoenol pyruvate as donor, then modified by 
decarboxylation or other means. The widespread 
occurrence of a complex polymer such as colanic acid 
with constant carbohydrate structure and varying acyl 
groups, among genera of varying affinity has not 
previously been reported. 	It implies the presence of a 
homologous portion of the chromosome in each strain, 
controlling production of the enzymes involved. A 
parallel is seen in the production of alginate by such 
dissimilar bacterial types as Psuedomonas aeruginosa and 
Azotobacter vinelandii (Linker and Jones, 1964; Larsen 
and Haug, 1971). 	This exopolysaccharide is much 
simpler, containing only two types of monosaccharide - 
D-innnuron1c acid and L-guluronio acid. 	Hence lees 
genetic information is necessary. 
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Three serotypes of Kiebsiella aeroenee were 
investigated - types 2, 8 and 54. A thorough study of 
the structures of these polysaccharides showed that each 
polymer was formed from a tetrasacoharide repeating unit 
(VI, XIII, XIX). 	During the course of the research 
programme, these results were confirmed for serotypes 2 
and 54 by other workers (Conrad, Bamburg, Epley and 
Xindt, 1966; Gahan, Sandford and Conrad, 1967). 	It is 
unusual for exopolysacoharides from a single bacterial 
species to be so uniform in their structure (xx). Some 
differences were noted between the results obtained in 
the candidate's laboratory and those of Conrad's group. 
These led to the discovery of acetate and formate (VI, 
XIV), a hitherto unsuspected substituent, in type 54 
material and later also in some type 2 preparations 
(XIX). 
The presence of anyl groups produces characteristic 
chromatographic and eleotrophoretio properties of the 
corresponding acylated oligosacoharidee and sugars 
(XVII). 	One strain synthesising type 54 exopoly- 
aaocharide was form-1ated on every tetrasacoharide but 
only every alternate tetrasacoharide was acetylated (V, 
VI), indicating possible complexities in the bio-
synthetic system not evident from the simple carbo-
hydrate structure. 
Although each of the three K. aerogenes serotypee 
studied offered certain advantages for biosynthetic 
studies, the type 8 exopolysacoharide, containing 
15. 
D-glucoae, D-galactose and D-glucuronic acid was chosen 
for most of the subsequent work. All three sugars 
therein are found in an activated form as their uridine 
diphoephate derivatives. 	These are readily available 
and can also be obtained labelled with 14c  in the 
glycosyl portions of the molecule. Such compounds are 
necessary for the study of cell-free systems. 	The type 
8 strain had the added advantage that no acyl 
substituente were present. 	For studies on regulation 
of polysaccharide synthesis, the polymers containing 
mannose or fucose were useful, as the enzymes forming 
GDP-inannoee or GDP-tucose are then known to be 
specifically associated with polymer formation. 
16. 
ii) POLYSACCHAR.ASES 
Enzymic hydrolysis, as opposed to acid treatment, 
of polyeaccharides, can provide much information. The 
enzymes used are usually specific and fragments are 
released from polysaccharides without the lose of labile 
groups such as 0-acetyl and other acyl groups, fucosidic 
or inannosidic residues. 	The isolation of specific 
bacterial enzymes hydrolysing D. pneumoniae type III and 
type VIII polysaccharides (Torriani and Pappenheiiier, 
1962) assisted greatly in elucidation of the structures 
of these polymers. Despite many attempts to isolate 
similar bacterial enzymes acting on other exopoly- 
saccharides, few have been found (table 1). Preliminary 
attempts to find such enzymes hydrolysing the exopoly-
saccharides from Esoherichia and Ilebsiella strains were 
unsuccessful. 
An alternative source for polysaocharaees exists. 
Bacteriophages can be found which infect mucoid bacteria 
and many of these phage can induce enzyme production in 
the infected host cells (table 2). 	Several such 
enzymes were prepared from infected cultures of colanic 
acid-producing bacteria (Iv). After initial problems 
in isolating the products of enzyme action, these were 
characterised as hexasaccharides with the same structure 
as the repeating unit of colanic acid (XVIII). 	The 
aoyl groups present in the hexasacoharides confer 
characteristic cbromatogrphic properties and reflect 
17. 
the source of the exopolysaccharide. 	The substrate 
specificity of the phage—induced enzymes hydrolysing 
colanic acid is unaffected by the acyl groups present. 
Enzyme activity is not detected when carboxyl—reduced 
polysaccharides are tested as substrates. The enzymes 
appear to be exoenzymea splitting hexasacoharides from 
the polymers by hydrolysis of fucoside bonds. However, 
either because of irregularities in the substrate mole-
cule, or through a requirement for a substrate with a 
minimal size, the enzymes only release 30-40% of the 
polysaccharides as oligosacoharidee. 
Enzymes isolated from phage—infected cells of 
K. aerogenee type 54 act differently (V). 	They are 
also fucosidases hydrolysing the polysaccharide 
completely to tetrasacoharides. Due to the acetyl 
groups present on alternate tetrasacoharidee, enzymic 
hydrolysis produces equal amounts of two tetrasaccharidee. 
Another such enzyme produces octasacoharides which can be 
further hydrolysed to the tatrasaccharidee (VI). 	Acyl 
groups are not essential for substrate function, but the 
D—glucuronic acid residues adjacent to fucose must be 
present. 	The report of an E. coli strain secreting 	a 
polysaccharide with some structural similarities to the 
K. aerogenes type 54 material (Jann et al., 1968) 
provides an opportunity to test another possible sub- 
strate. It is hydrolysed by the phage—induced enzymes 
from K. aerogenes cultures (XII). The enzymes also 
hydrolyse K. aerogenes type II exopolysaccharidee (XIX). 
18. 
Conversely, a phage-induced enzyme obtained from type 2 
bacterial cells, only hydrolyses the homologous poly-
saccharide. Both the type 2 and type 54 hydrolases 
convert their substrates completely to acylated oligo-
saccharides. None of the phage-induced enzymes 
Isolated in this study are eliminasee forming unsaturated 
uronic acid residues. 	This type of enzyme is found in 
the D. pneunioniae type VIII depolymerase and bacterial 
alginases (xx). 
The phage-induced polyeaccharide hydrolaeea from 
E. coil and K. aerogenea are valuable biochemical tools 
in several ways. 	They permit the isolation of acyisted 
fragments from the polysaccharides. These show the 
presence of a regular repeating unit type of structure. 
They are of particular importance in ascertaining the 
distribution of acyl groups which are not found on every 
repeating fragment (e.g. VI). 	They can be further 
employed as a specific tool in the assay of polymer 
synthesised in cell-free or whole cell systems. 	This 
Is important as Kiebsiella polysaccharides are poor 
antigens and cannot be assayed immunologically as can 
D. pneumonlae capsular material. 
19. 
iii) EXOPOLYSACCITARIDE BIOSYNTHESIS 
Analogies can be drawn in considering exopoly-
sacoharide synthesis with two other systems. 	Exopo].y- 
saccharide resembles mucopeptide and a portion of the 
lipopolysaccharide molecule. All these systems are 
found outwith the bacterial cell membrane and are 
composed of repeating unit structures. A further 
polymer conforming to this pattern is teichoic acid, 
and others, such as mannans and rhamnose-containing 
polysaccharides may be present in some Gram positive 
bacterial strains. 
The precursors for most polysaccharides are 
nucleotide diphoephate sugars. 	Control systems 
regulating polymer synthesis could therefore be expected 
to influence the levels of both the precursors and the 
enzymes involved. Examination of probable precursors 
and the corresponding enzymes for oo].anio acid synthesis 
confirms this (x, XI). 	Simultaneously, Markowitz and 
his colleagues (Kang and Markowitz, 1967) discovered 
that the formation of colanic acid is under the control 
of extracbromosomal genes. 	In this respect it probably 
differs from capsular polyeaccharides in genera such as 
Klebslella. 	So far, there is no evidence that in 
K. aerogenes, synthesis of the capsule is controlled 
other than by a portion of the chromosome. 
Both mucopeptide and lipopolysaccharide are 
synthesised by the sequential addition of components 
20. 
from activated precursors to an Intermediate Identified 
as a lipid. 	The glycosyl carrier lipid (GaL) is a 055 
isoprenoid alcohol phosphate which is probably identical 
in both systems (Robbins and Wright, 1971). 	Carrier 
lipids have now been recognised In the formation of 
other polysaccharides containing oligosaccharide 
repeating units. 	In one of these, the mannan of 
Micrococcus lyeodelkticue, the same type of isoprenoid 
alcohol functions as the carrier for assembly of 
mannose-containing oligosacoharides (Labav, Chiu and 
Lennarz, 1969). A sequential transfer of sugars from 
uridine diphosphate compounds to lipid also occurs in 
the cell-free synthesis of the capsular polysaccharide 
of K. aerogenes type 8 (XV). 	The nature of the 
sequence Is confirmed when non-capsulate mutants 
blocked at various stages of the sequence are tested. 
Subsequently, using another Klebslella strain, Troy, 
Prerinan and Heath (1971) have identified the lipid 
Involved as a polyisoprenoid phosphate. 
The mode of regulation of lipid availability for 
the polysaccharide-forming systems requiring It is still 
unknown. There may be a mechanism of priority for 
mucopeptide synthesis which is presumably essential for 
the formation of new cell walls and retention of 
viability (XX). 	This may account for the peculiar 
properties noted in a series of Kiebelella mutants which 
showed temperature-dependent polysaccharide synthesis 
(VII). 	In these mutants, growth at low incubation 
21. 
temperature is associated with reduced lipopoly-
saccharide content and absence of capsulation. 	They 
may be defective in GCL production, most of that 
available being used in mucopeptide formation. 
The results described in these papers thus provide 
information on the structures of several bacterial exo-
polysacoharides and the mode of action of enzymes 
hydrolysing them to their component oligosacoharides. 
They also indicate the way in which exopolysacoharidee 
are formed from their precursors. 
22. 
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TABLE 1. BACTERIAL ENZYMES HYDROLYSING EXOPOLYSACCHARIDES 
Polysaccharide 
Source 	 Substrate 	 Other Substrates 	 Reference 
Soil bacillus D. pneumonlae type III 	 - Dubos & Avery, 1931 
B. palustris D. pneumoniae type III 	Azobacter chroococcum Torriani & Pappenheiiier, 1962 
polysaccharide 
B. palustris D. pneumoniae type VIII 	Oxidised cellulose 
N 	 N 
K. aerogenes D. pneumoniae type XIV 	 - Barker et al., 1964 
Bacillus op. X. phaseoli - Lesley, 1961 
26. 
TABLE 2. PHAGE—INDUCED ENZYMES HYDROLYSING 
EXOPOLYSACCHARIDES 
Bacteria 	 Phage 	
Products 
characterised 
K. pneumonlae type 1 	 - 
K. pneumonlae type 2 Kp 	 - 
K. pneumoniae type 2 P31, P40 Tetrasacoharide 
K. aerogenes type 54 P31 9 P39 Tetrasacoharidea, 
Ootasaccharid e 
E. coil 	) 
) A. cloacae 
P1 9 P12 	Hexaeaccharide 
Azotobacter op. A22 	 - 
Pa. aeruglnosa 2 	 - 
Pa. putida - 
Alcailgenes faecalls A6 	Trisaccharldee 
For source of phages and enzymes see (XX). 
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ABSTRACT 
LJDERITZ, 0. Max-Planck-Institut für Immunbiologie, Friehurg, Germany), H. J. 
RISSE, H. SCHULTE-HOLTHAUSEN, J. L. STROMINGER, I. W. SUTHERLAND, AND 0. WEST- 
PHAL. Biochemical studies of the smooth-rough mutation in Salmonella minnesota. J. Baa-
teriol. 89:343-354.1965.—A comparative study of the 0 antigen from the smooth strain of 
Salmonella minnesota and of the two R antigens derived from two rough forms of S. min-
nesota (strains R 60 and R 345) has been carried out. The 0-specific polysaccharide of 
the smooth form is composed of heptose, galactose, glucose, glucosamine, galactosa-
mine, and ketodeoxyoctanoate (K1)0). 14 60 polysaccharide contains KDO, heptose, 
galactose, glucose, and glucosamine, whereas the R 345 polysaccharide contains only 
KDO, heptose, galactose, and glucose. Serologically, R 345 and 14 60 polysaccharides 
belong to serogroups R I and H II, respectively. Enzymatic studies revealed that the 
acetylgalactosamine-synthesizing enzyme, uridine dip hosp hate -N -acetyl glucosamine-
4-epinlerase, is present in wild-type and H 345 cells but is absent from R 60 cells. Two 
distinct polysaccharides were obtained from the R 345 cells: a polysaccharide derived 
from the H antigen (lipopolysaccharide) containing no galactosamine and exerting R 
specificity, and a soluble polysaccharide containing galactosamine and exerting 0 speci-
ficity. The structure of 0 and H antigens is discussed, together with the general signifi-
cance of the results for the biosynthesis of the 0 antigens of the genus Salmonella. 
The 0 antigens of the genus Salmonella have 
been studied extensively (Davies, 1960; Staub 
and Westphal, Bull. Soc. Chim. Biol., in press). 
They may be obtained as heteropolysaccharides 
of high molecular weight bound to lipids or 
proteins, or to both. Chemical analysis has 
revealed a close relationship between structure 
and serological specificity of the polysaccharide 
component of the 0 antigens. Different sugars 
forming long side chains in the highly branched 
polysaccharides represent the determinant struc-
tures of the antigen (Staub and Westphal, in 
press) As well as these "specific sugars," confer-
ring 0 specificity, the 0 antigens contain "basal 
sugars," common to all the 0 antigens of Sal-
monella species. These basal sugars are: 2-keto-3-
deoxy-octonic acid (K1)0: Heath and Ghalambor, 
1963), heptose, galactose, glucose, and glucosa-
mine. 
1 On leave from the Department of Bacteriol-
ogy, University of Edinburgh. 
2 Present address: Department of Pharmacol-
ogy, University of Wisconsin Medical School, 
Madison. 
Salmonella R mutants are devoid of 0 specific-
ity (Kauffmann et al., 1961). They contain a 
lipopolysaceharide which is physicochemically 
similar to the 0-specific lipopolysaceharides. The 
lipopolysaccharides isolated from Salmonella R 
mutants, obtained by Kauffmann from a number 
of Salmonella 0 forms of different serotype, have 
already been analyzed (LUderitz et al., 1960; 
Kauffmann et al., 1961). It was shown that R 
lipopolysaccharides contained only the basal 
sugars, and were, therefore, qualitatively similar 
to the lipopolysaceharide of smooth chemotype 
I. Serologically, these hpopolysaccharides were 
classified into two R serogroups, designated R I 
and H. II (Beckmann, LUderitz, and Westphal, 
1964). R specificity could be shown to he present 
in 0 antigens, especially when they were degraded 
by mild acid hydrolysis (Luderitz, Beckmann, 
and Westphal, 1964). From these and other 
results, it was postulated that Salmonella 0 
antigens might contain a common core polysac-
charide, identical with R polysaccharide and 
composed of the basal sugars (Luderitz et al., 
1960; Kauffmann et al., 1961). It was suggested 
343 
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that the specific side chains were bound to this 
core. In R mutants, the synthesis of the specific 
sugars (in the form of their nucleoside diphospho-
derivatives) or their transfer to polysaccharide 
would be blocked as a result of the mutation, 
and, hence, the biosynthesis of the 0 antigen 
would stop at the level of the R I or R II polysac-
charide. 
F. Kauffmann (Statens Serum Institute, 
Copenhagen, Denmark) isolated from S. min-
nesota S form (strain S99) two R mutants, des-
ignated R 60 and R 345. These two mutants were 
serologically disinct. This paper describes the 
results of chemical, serological, and enzymatic 
analyses of the S form of S. minnesota and of 
these two R mutants. 
MATERIALS AND METHODS 
Microorganisms and antisera. Cultures of S. 
minnesota S 99 (021, 026) and S. minnesota R 60 
and R 345 were provided by F. Kauffmann. The 
two R forms had the same flagellar antigens and 
the same fermentation characteristics as the 
smooth form. Antisera against these three or-
ganisms were also provided by F. Kauffmann. 
Mass cultures of the bacteria were grown on 
agar (Kauffmann et al., 1960), or in liquid medium 
(Fromme et al., 1958). To obtain small quantities 
of bacteria for the isolation of enzymes, 100 ml of  
inoculum were taken from a fully grown overnight 
culture in Difco antibiotic medium 3, and added 
to 1 liter of the same medium. The culture was 
shaken rapidly at 37 C until half-maximal growth 
was reached (about 90 mm). The cells were cooled 
to 4 C, harvested by centrifugation, and washed 
once with water (yield, about 3 g of wet sediment). 
Preparation of antigens and haptens. Dried 
bacteria were extracted by a modification of the 
phenol-water method of Westphal, Luderitz, and 
Bister (1952), summarized in Fig. 1. The extrac-
tion mixture was heated for 5 min instead of 30 
mm. The combined aqueous layers were dialyzed, 
concentrated under reduced pressure, and lyoph-
ilized. A 3% solution of the material was cen-
trifuged at 100,000 X g for 4 hr in a Spinco model 
L preparative ultracentrifuge. The clear solution, 
"fraction Li," was lyophilized. The sediment was 
washed twice with water and lyophilized to give 
the "lipopolysaccharide." "Degraded polysac-
charide" was obtained from lipopolysaccharide 
by heating with 1% (v/v) acetic acid at 100 C 
until the lipid A was precipitated (Davies, Mor-
gan, and Record, 1955). After centrifugation, the 
clear solution was dialyzed and lyophilized. On 
other occasions, degraded polysaccharide was 
prepared according to the method of Freeman 
(1942) with the following modifications. The first 
and second acetic acid extracts of the bacteria 
were kept separate. The concentrated extracts, 
without alcohol or acetic acid fractionation, were 
DRIED BACTERIA I 
Phenol/water 
65 C, S mm 
Phenol-soluble- 




peated three times) 
I 	 .1 . 
Supernatant LI 	Sedunent 
Supernatant L2 	Sediment 
Supern'ttant L3 	
Sediment 
(lioolsaccha ride) f 






Extract I Residue 
Phenol/water Acetic acid 
65 C, 5 min extraction 
Freeman Extract II 
extract I 
Phenol/water 
65 C, 5 nun 
Freeman 
extract II 
FIG. 1. Methods used for extraction of bacteria 
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treated directly with phenol-water. The aqueous 
layers were dialyzed, concentrated, and lyoph-
ilized. Since the first extract frequently was 
contaminated with a polyglucose, the second ex-
tract was normally used for analysis. 
To purify the 0-specific polysaccharide of the 
Li fraction obtained from R 345 cells, 2 ml of S. 
minnesota 0 antiserum were added to a solu-
tion of 20 mg of R 345 Li fraction in 2 ml of sodium 
chloride solution (0.9%, w/v). After allowing the 
mixture to stand for 1 hr at 37 C, followed by 15 hr 
at 4 C, the precipitate was removed by centrifuga-
tion, washed three times in sodium chloride solu-
tion, and suspended in 3 ml of water. The suspen-
sion was heated at 100 C for 3 mm, and was then 
extracted with 3 ml of 90% phenol in the usual way. 
The water-soluble extract was hydrolyzed with 
1 N HCl for 4 hr and analyzed by paper chroma-
tography in solvent B. 
Analytical methods. Hydrolysis of fractions was 
performed in sealed tubes. For the liberation of 
hexoses, 1 N H2SO4 at 100 C for 4 hr was used, 
followed by neutralization with Amberlite JR 410 
(HCO 3— form). Glucose was determined with 
glucose oxidase reagent or with glucose-6-phos-
phate dehydrogenase reagent (C. F. Boehringer & 
Soehne GmbH., Mannheim, Germany). Galactose 
was determined with galactose dehydrogenase 
obtained from Pseudonionas saccharophila (Wal-
lenfels and Kurz, 1962). Hexosamines were lib-
erated by hydrolysis of the fractions in 4 N HC1 
at 100 C for 10 hr. The acid was removed under 
vacuum in the presence of NaOH. Hexosamines 
were determined by a micromethod (Strominger, 
Park, and Thompson, 1959). D-Glucosamine was 
estimated enzymatically (Lfideritz et a]., 1964). 
Heptose was determined on unhydrolyzed material 
by a modification of the cysteine-H 2 SO 4 method 
(Osborn, 1963). KDO was measured according to 
Waravdekar and Saslaw (1959), as modified by 
Heath (personal communication), and phosphorus 
by the method of Lowry et ad. (1954). 
Sugars were identified by paper chromatography 
or by thin-layer chromatography on cellulose 
(cellulose MN 300 g, Macherey a. Nagel, Duren, 
Germany). The solvents used were: pyridine-
butanol-water (4:6:3; solvent A); ethyl acetate-
pyridine-acetic acid-water (25:25:5:15; solvent 
B; Fischer and Dörfel, 1955); and isohutyric acid-
1 N NH,OH (5:3; solvent C). 
Sugars and amino sugars were revealed with 
alkaline silver nitrate and with ninhydrin or 
Morgan-Elson reagent, respectively. 
Serological methods. Precipitation tests in capil-
lary tubes were performed according to the method 
of Swift Wilson, and Lancefield (1943). Hemag-
gluti nation -inhibition tests were made as de-
scribed earlier (Beckmann, Luderitz, and West-
phal, 1964). The methods of Wasserman and 
Levine (1961) were used for complement fixation 
and complement-fixation inhibition tests. 
A quantitative microniethod was used for pre-
cipitation. In this procedure, 1 to 100 ig of anti-
gen were mixed with antiserum in a total volume  
of 300 liters. After 2 days at 4 C, the precipitate 
was washed three times with cold saline, and anti-
body nitrogen was determined with the modified 
Folin phenol reagent (Lowry et al., 1951). Bovine 
serum albumin was used as standard (100 jig in 1 
ml gave an absorbancy of about 1.4). In precipita-
tion-inhibition tests, the appropriate sugar was 
incubated with the antiserum for 1 hr at 37 C be-
fore the antigen was added. 
Preparation of uridine diphospho-N-acetylglu-
cosamine (UDP-G1cNAc) -C' 4 and uridine diphos-
pho - N - acetylgalactosamine - (UDP - Ga1NA c) - C' 4 . 
UDP-GlcNAc-C' 4 , labeled in the acetyl group 
(15,000 counts per min per mmole) was prepared 
with enzymes obtained from yeast (Glaser and 
Brown, 1955; Nathenson and Strominger, 1963). 
This compound was then cpimerized to a mixture 
of UDP-GIcNAc and UDP-GalNAc with a UDP-
GlcNAc-epimerase from Bacillus subtilis ATCC 
9945 (Glaser, 1959). UDP-G1cNAc-C' 4 was then 
degraded with UDP-GIcNAc-pyrophosphorylase 
from Staphylococcus aureus strain Copenhagen 
and with phosphomonoesterase (Strominer and 
Smith, 1959). Finally, UDP-GalNAc-C' 4 (also 
15,000 counts per min per ,mole) was isolated by 
paper chromatography in solvent C. After acid 
hydrolysis and paper chromatography on borate-
treated paper (solvent A; Cardini and Leloir, 
1957), only GalNAc-C' 4 could be detected by radio-
autography. 
Preparation of enzymatic extracts from S and R 
cells. Two methods were used. (i) Packed cells (3 
g) were suspended in 5 ml of 0.02 M tris(hydroxy-
methyl)aminomethane (Tris) buffer [pH 7.5, 
containing 0.002 M ethylenediaminetetraacetic 
acid (EDTA)]. The suspension, carefully cooled 
in an ice bath, was disintegrated for 30 see, four 
times, in an Ultra-Turrax homogenizer (Janke and 
Kunkel, Staufen, Breisgau, Germany) after the 
addition of 4.8 g of glass beads (0.88-mm diam-
eter). (ii) Packed cells (3 g) suspended in 10 ml of 
0.02 M Tris buffer (pH 7.5) were treated for 20 
min in a 10-kc Raytheon sonic, oscillator. Results 
from the two methods were similar. The products 
were centrifuged at 30,000 X g for 10 mm. The 
supernatant fluid was then further centrifuged at 
100,000 X g for 150 mm. The resulting superna-
tant solution was then used for enzyme studies. 
Assays for UDP-G1cNA c-4-epimerase activity. 
Two methods were used to test strains for the 
presence of Ul)P-GIcNAc-4-epimerase. (i) U1)P-
GlcNAc-C' 4 (3 to 5 m/hmoles) was incubated at 37 
C in a mixture containing 3.3 jAmoles of Tris 
(pH 8.7), 0.4 pmole of MgCl 2 , 0.05 jimole of 
E1)TA, 0.02 jAmole of nicotinamide adenine di-
nucleotide, 0.09 pmole of cysteine, and 10 141iters 
of the enzyme extract in a total volume of 55 
pliters. After incubation for 60 mm, the samples 
were heated at 100 C for 3 min and the denatured 
proteins were removed by centrifugation; 45 
liters of the supernatant fluid were hydrolyzed 
with 2.7 Mliters of 2 N HCI at 100 C for 10 mill to 
liberate the free acetylamino sugars. The hydroly-
sate was spotted onto borate-impregnated What- 
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man paper (no. 1) and chromatographed in solvent 
A. The GIcNAc and GaINAc were thus separated 
(Cardini and Leloir, 1957). The radioactivity of 
the dried chromatograms was measured in a 
Frieseke and Hopfner paper-strip counter, and 
autoradiograms were prepared. (ii) Nonradioac-
tive UDP-G1cNAc (40 to 50 mirnoIes) was in-
cubated for 60 min in the incubation mixture 
described above, and protein was removed by 
heat denaturation and centrifugation. After ad-
dition of an equal volume of concentrated FTC!, 
hydrolysis was performed for 30 min at 100 C to 
liberate the free amino sugars in the hydrochlo-
ride form. The samples were dried over NaOH 
and redissolved in about 10 ,liters of water. The 
amino sugars were separated from amino acids 
and peptides by paper electrophoresis (pyridine-
acetic acid-water, 10:4:86) at 3,000 v for 90 mm. 
The amino sugar spots were cut out and eluted 
with 0.1 N HCl. These solutions were applied to 
thin-layer chromatoplates and chromatographed 
in solvent B for 90 mm. The plates were dried and 
rerun for a further 90 mm. The amino sugars were 
detected by staining with ninhydrin. For all sero-
logiCal and chemical tests, Lang-Levy constriction 
pipettes were used. 
RESULTS 
Chemical analyses of S 99, R 60, and R 345 
antigens. The results of analyses performed on 
these antigens are summarized in Table 1. The 
sugar composition was determined both in the 
lipopolysaccharides obtained by phenol-water 
extraction and in the degraded polysaccharides 
prepared by the modified Freeman method in the 
case of R 60, or by degradation of the lipopolysac-
charide from R 345 and S 99. Lipid A contains 
glucosantine as an integral part of the molecule 
(Westphal et al., 1958). Analysis of the lipopoly-
saccharides, therefore, showed the presence of 
glucosamine in all three antigens. That glucosa-
mine is a constituent of the polysaccharide part  
of the R 60 antigen, and that it is absent from R 
345 polysaccharide, could be demonstrated only 
by the preparation and analysis of the correspond-
ing degraded polysaccharides. Very small 
amounts of glucosantine found in the R 345 
polysaccharide probably originated from traces of 
contaminating lipid A. 
The approximate molar ratios of the sugars are 
listed in Table 2. S 99 polysaccharide was com-
posed mainly of three sugars, galactose, glucosa-
mine, and galactosamine, which together repre-
sented 80 0/0 of the sugar components. The R 
antigen of strain R 60 contained comparatively 
small amounts of galactose and glucosamine and 
was essentially devoid of galactosamine. R 345 
antigen contained no hexosamines and small 
amounts of both hexoses. It is thought that the 
amino sugars are present in the S 99 and R 60 
polysaccharides as their N-acetylated deriva-
tives, as partial hydrolysates contained appreci-
able amounts of the corresponding N-acetylated 
derivatives. 
Hydrolysates of various fractions from the two 
R strains were analyzed for the presence of hex-
osamines by paper chromatography. Although 
glucosamine and galactosamine were present in 
the Li fractions of S 99 and R 345 cells, both of 
these sugars were absent from the Li fraction of 
R 60 (Table 3). R 345 cells, therefore, contain two 
different polysaccharides, one being the com-
ponent of the R lipopolysaccharide, lacking 
galactosamine and glucosamine, and the other, 
present in the Li fraction (or the Freeman 
polysaccharide), containing both hexosamines 
(Table 3). 
Serological studies. Classification of R 60 and 
R 345 antigens was achieved with precipitation 
and hemagglutination-inhibition tests (Table 4). 
Three sera were used: (i) S. minnesota 0 anti- 
TABLE 1. Analyses of Salmonella minnesota 899, R 60, and R 345 lipopolysaccharides and pclysaccharides* 
Sugar 
Fraction 
KDO Heptose Gal Gic GleN GaIN 
Lipopolysaccharide 
S99 ................... 5 2-4 12-15 3-4 9-10 15-19 
5 7 7-9 6 8 0 




2 3 20 5 10 25 S99....................
ROOf .................. 2 16 16 17 5.5 0 
R345 .................. 2 
. 
19 19 9 1 0 
* Results given in per cent. 
f Phosphorus analyses of the R 60 polysaccharide yielded a value of 2.7% or about two phosphorus 
residues for two heptose or glucose residues. 
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serum; (ii) S. minnesota R 345 antiserum, oh-
tamed by immunization with the R 345 mutant 
[this serum was previously used as the test serum 
for B. serogroup B. I (Beckmann, Luderitz, and 
Westphal, Z. Physiol. Chein., in press)]; and (iii) 
S. inverness R serum, obtained by immunization 
with an S. inverness R strain. [This was used 
previously as the test serum of the R serogroup R 
If (Beckmann, Luderitz, and Westphal, 1964).] 
Capillary precipitation tests showed strong 
reaction between S 99 lipopolysaceharide and S. 
minnesota 0 antiserum, R 60 hpopolysaccharicle 
and S. inverness R antiserum, and R 345 lipo-
polysaccharide and S. minnesota R 345 antiserum. 
Consequently, the R 60 mutant of S. minnesota 
belongs to scrogroup R II, and the R 345 mutant 
to serogroup R I. This classification is in agree- 
TABLE 2. Approximate molar ratios of sugars in 
Salmonella minnesota S 99, R 60, and 1? 345* 
Sugar 5 99 R 60 R 345 
Heptose ......... 2 2 
Gal ............. .8 2 2 
2 
.2 . 
2 1 Gic ...............
GIcN ........... 0.7 0 
GaiN ............ 
.5 
12 0 0 
* Approximate ratios are given relative to glu-
cose taken as 2 for S 99 and B. 60 lipopolysaccha-
ride or 1 for B. 345 polysaccharide. These ratios are 
calculated from the data in Table 1. It would he 
most desirable to express these ratios relative to 
heptose, but the method for heptose analysis is 
not sufficiently reliable for this purpose. 
TABLE 3. Analyses of different fractions from 
Salmonella minnesota I? 60 and R 345 mutants 
for the presence of hexosamnines 
S. minnesota mutant 
Fraction 




from lipopolysaccharide. . GN - 
ion Supernatant fract 	Li. .. (GN) GN, GaIN 
Freeman extract 11* .GN GN, Ga1N 
* The Free,mian poiysaccharide preparation 
would contain the degraded polysaccharide and 
the polysaccharide in supernatant fraction Li. 
mnent with an earlier study using hernagglutina-
tion-inhibition tests (Beckmann et al., 1964). 
The R 60 lipopolysaecharide reacted with the R 
II antiserum at high dilution under these condi-
tions, but not with the B. 345 antiserum (R I 
serum). Conversely, R 345 lipopolysaceharide did 
not react with B. H antiserum, even at high anti-
gen concentration. 
Precipitation tests with the Li fractions and 
the three antisera revealed that S 99 LI, as 
expected, reacted with S. minnesota 0 antiserum. 
R 60 LI fraction did not react appreciably with 
any of the antisera. R 345 Li material, however, 
showed a strong precipitation reaction with the 
0 antiserum (Table 4). The 0-specific material 
from the R 345 Li fraction was isolated by specific 
precipitation with 0 antiserum. Hydrolysis of 




S 99 lipopolysaccharide ............................. 
S 99 Li-fraction..................................... 
B. 60 lipopolysaccharide ............................. 
R 60 LI-fraction .................................... 
B. 345 iipopolysaccharide ............................ 
B. 345 Li-fraction ................................... 
Hemagglutination inhibitiont 
B. 60 lipopolysaccharide ............................. 
B. 345 lipopolysaccharide ............................ 
Salmonella 
minnesota 0 
S. inverness R 347 
(R11 serum) 
S. minnesota R 345 
(RI Serum) 
5 - 
10 - - 
— 100 - 
— - 600 
300 - - 
0.5 	>250 
>250 1 1.0 
* For the precipitation tests, the data are recorded as the smallest concentrations of antigen (micro-
grams per milliliter) which resulted in precipitation or hemaggluti nation. When no precipitation was ob-
served up to 5,000 ,hg/ml, this result is indicated by—. For inhibition of hem agglutination, the data are 
recorded as the lowest concentration (Lg/ml) which inhibited. 
t Hemagglutination inhibition is recorded for the S. inverness R 
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this polysaccharide, followed by paper chromatog-
raphy, revealed the presence of the following 
sugars: galactosamine, glucosamine, galactose, 
and traces of glucose. It therefore contained the 
specific sugars of the S. minnesota 0 antigen. 
Two precipitation curves were obtained with 
S. minnesota 0 antigen and the homologous 
antiserum (Fig. 2). In one case, precipitation was 
estimated directly by protein determination. In 
the other case, the complement-fixation test was 
used, this being about 1,000 times more sensitive. 
Inhibition tests performed with these two meth-
ods indicated that glucose, galactose, and N-
acetylgalactosamine were noninhibitory. How-
ever, N-acetylglucosamine and its glycosides 
showed marked inhibition (Table 5). In the 
precipitation test, 20 jumoles of a-methyl-N-
acetyiglucosaminide inhibited to an extent of 
20%, whereas, in the complement fixation inhibi-
tion test, 1.5 smoles inhibited to 36%. An cs-N-
acetylgiucosaminide appears to be a determinant 
of the S. minnesota 0 21 antigen. 
UDPG1c1\TAc4epimerase in the S. minnesota 
strains. The 30,000 x g supernatant fluid 
obtained after sonic treatment or mechanical dis-
integration of the bacteria contained particle-
bound pyrophosphatase and phosphatase activ-
ity. These enzymes degraded UDP-GlcNAc-C 14 
to G1cNAc-C' 4-phosphate and G1cNAc-C 14 . 
These reactions could be readily demonstrated by 
chromatography in solvent C, which separates 
these degradation products. These interfering 
activities were much reduced in the presence of 








pg LIPOPOLVSACCHARIDE (PRECIPITATION) 
mpg LIPOPOLYSACCHARIDE 
(COMPLEMENT FIXATION) 
FIG. 2. Precipitation and complement-fixation 
curves: Salmonella minnesota 0 lipopolysaccharide 
and S. minnesota 0 serum. Precipitation (—) was 
carried out with 100 ililers of antiserum per tube, and 
complement fixation (-----) with 0.15 .xliter of anti-
serum per tube. The conditions used for inhibition 
tests are indicated by an arrow. 
TABLE 5. Inhibition of precipitation and comple- 
ment fixation in the system. Salmonella minnesota 
0 lipopolysaccharide and homologous antiserum 
by N-acetyiglucosamine and its glycosides 
iV-acetvlglucosamine or glycoside 
Expt sugar per 
sugar 
Free 
Amt of  
Mixture of a - u- 	an Nethyl-d e-benzyl 
(1:1) Methyl- 
prnoles 
1* 25 31 
20 15 21 
10 16 
5 6 12 10 
1 0 5 2 
2f 1.5 25 36 18 
0.5 8 10 2 
0.1 0 3 0 
* Results of experiment 1 are given in percent 
inhibition of precipitation. 
t Results of experiment 2 are given in per cent 
inhibition of complement fixation. 
which leave the epimerase activity unaffected. 
Moreover, the degradation products were vir-
tually absent when the 100,000 x g supernatant 
fluids were used. Such supernatant fluids were 
therefore used in the following studies. 
TJI)P-G1cNAc-C14 was incubated with extracts 
from the S strain and the two R strains, as 
described in Materials and Methods. The radio-
active nucleotide-linked sugars present after 
incubation were assayed, by use of a paper-strip 
counter (method 1 above). The S form and the 
R 345 enzyme preparations were able to epimerize 
UDP-GlcNAc, resulting in a mixture of U1)P-
GIcNAc and UDP-GaINAc. After hydrolysis, 
these yielded GIcNAc and GaINAc (Fig. 3). The 
R 60 enzyme preparation, however, had no 
epimerase activity. In the epimerase-containing 
strains, 20 to 25% of the original UJ)P-G1cNAc- 
was converted to UDP-GalNAc-C 14. Further 
experiments indicated that this was the end 
point of the reaction, and that it was reached after 
10 min at 37 C. 
That [JDP-Ga1NAc-C 14 and not GaINAc-C14 
was the end product of the reaction with R 60 
and S extracts was shown by isolation of the 
UDP-N-acetylhexosamine mixture by chromatog -
raphy in solvent C. Only after acid hydrolysis of 
this mixture were GlcNAc-C' 4 and GaINAc-C' 4 
formed. In the reverse direction, when UDP-
GalNAc-C' 4 was used as substrate, UDP-
GlcNAc-C14 was formed after incubation with 
the extracts from S 99 and R 345 cells, but not 
with the extract from R 60 cells. 
Analogous results were obtained by chroma 
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tography of unlabeled hexosamines. In this case, 
the incubation mixtures containing unlabeled 
nucleotides were hydrolyzed with strong acid to 
yield the free amino sugars. These were chromato-
graphed on thin-layer plates, with glucosamine 
and galactosamine as standards. In the case of 
enzyme from S 99 and R 345, both hexosamines 
were obtained; with enzyme from R 60, no 
galactosamine could be detected. 
Attempt-s to transfer Ga1NA c-C' 4 from UDP-
Ga1NAc-C' 4 to polysaccharide. Strain R 60 is an 
epimeraseless strain, similar to UDP-glucose 
epimeraseless strains in which galactose-C 14 can 
be transferred from UDP-gaiaetose-C' 4 to endog-
enous polysaccharide (see Discussion). Repeated 
attempts to demonstrate the same phenomenon 
under the conditions employed in transfer of 
galactose-C' 4 with enzyme from strain R 60 and 
UDP-GaINAc-C' 4 as substrate were unsuccessful. 
No incorporation of GalNAc-C 14 could be demon-
strated. Moreover, addition of various other 
nucleotide substrates (UDP-glucose, U1)P-
galactose, UDP-GlcNAc) or of enzyme prepared 
from the smooth strain S 99 had no effect. 
DISCUSSION 
Salmonella 0 antigens (lipopolysaccharides) 
are branched polysaccharides of high molecular 
weight, composed of different monosaccharides in 
various combinations and linked in different ways. 
The differences in the linkages and the sugar com-
position provide the chemical basis of serological 
specificity. The 0 antigens may contain UI)  to 
eight different monosaccharides (chemotypes 
XIV—XVI). At least four sugars are always 
present in the Polysaccharides of Salmonella 0 
antigens, namely, KDO, heptose, galactose, and 
glucose. A fifth sugar, glucosamine, is also a 
component of the lipid portion of the lipopolysac-
charide (Kauffmann et al., 1960). R antigens, 
isolated from the different Salmonella R forms, 
derived from various S forms, have been shown to 
contain the same Sugars: KDO, heptose, galac-
tose, glucose, and glucosamine (the basal sugars). 
Comparative studies on polysaccharides derived 
from Salmonella S forms and from the corre-
sponding R mutants led to the hypothesis that 
the 0 antigens contain a basal polysaccharide 
structure composed of the basal sugars, to which 
the 0-specific side chains are attached. The H 
mutants have in some way lost the capacity to 
synthesize the 0-specific side chains or to trans-
fer them to the basal polysaccharide (Luderitz 
et al., 1960). 
The 0 antigen of S. minnesota (0 21, 0 26) 
isolated by the phenol-water procedure contains 
galactosarnine, glucosamine, heptose, glucose, 
and galactose (Tables 1, 2, and 6). After removal 
ORIGIN GaINAc 	GIcNAc 










FIG. 3. UDP-GlcN4c epimerase in Salmonella 
minnesota S 99, II 60, and 1? 345. G1cNA c-C' 4 and 
GaiN.4c-C 14 were separated after hydrolysis of re-
action mixtures obtained by incubation of UDP-
G1cNAc-C 14 for 0 and 60 nun with corresponding 
enzyme extracts. Chromatography was carried out on 
borate-treated paper in solvent A. Paper strips were 
analyzed in a paper-strip counter. 
of the lipid by acid hydrolysis, the remaining poiy -
saccharide still contains a considerable amount 
of glucosamine. Moreover, both specific pre-
cipitation by homologous antiserum and comple-
ment fixation are inhibited by N-acetyl-D-glucosa-
mine and not by other sugars. Therefore, N-
acetyl-D-glucosamine is presumed to represent one 
of the determinant end sugars in the 0 antigen. 
Other data suggest that this determinant may he 
in the a configuration. 
Strains R 60 and R 345, two R strains from 
S. minnesota § 99, are serologically distinct. R 
60 cells were aglutinated by an antiserum to an 
R strain of S. typhimurium. The antibodies 
responsible were not absorbed by R 345 cells 
(Kauffmann, personal communication). Chemi-
cal analysis of the lipopolysaccharides isolated 
from the R 60 and R 345 mutants showed that 
both contain only the basal sugars: EDO, hep-
tose, galactose, glucose, and glucosamine (Tables 
1, 2, and 6). As in the S lipopolysaccharides, the 
glucosamine is a constituent of the lipid com- 
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TABLE 6. Summary of results obtained from comparative analysis 
of Salmonella minnesota strains S 99, R 60, and 1? 845 




R 60  
J. BACTERIOL. 
R345 
Lipopolysaccharides, sugar composi- KDO, 	heptose 	Gal, Basal sugars Basal sugars 
tion Gic, 	GlcN 	(basal 
sugars) + GaIN 
Polysaccharides 	derived 	from 	lipo- KDO, 	heptose 	Gal, KDO, heptose KDO, heptose 
polysaccharides, sugar composition Glu, GIcN + GaIN Gal, Glu, Gal, Glu 
GIcN 
Serological specificity of lipopolysac- 0 21, 0 26 R if R I 
charides 
Occurrence of UDP-G1cNAc epimer- Present Absent Present 
ase 
Occurrence of 0-specific polysaccha- (Present) Absent Present 
ride in Li-fraction 
Defect of the mutant in the synthesis 0-determinant Basal structure 
of side chains 
V 	 V 
Structure of antigens Basal structure + spe- Complete 	basal Incomplete basal 
cific side chains structure structure 
ponent of the hpopolysaccharicles. Marked 
differences between the two antigens were ob-
served when the corresponding polysaccharides 
were analyzed. Glucosamine was a constituent 
of the R 60 polysaccharide, but not of the R 345 
polysaccharide. 
From the molar ratios of the sugar constituents 
of the polysaccharides of S 99, R 60, and R 345, 
it appears that mutation of strain S 99 to R 60 
involves a reduction in the proportions of galac-
tose and glucosamine and a total elimination of 
galactosamine. Mutation of S 99 to R 345 results 
in a reduction in glucose as well as galactose, and 
total absence of both glucosamine and galactosa-
mine. The polysaccharide of strain R 345, there-
fore, appears to be more degraded than that of 
R 60. 
Serological studies, using precipitation and 
hemagglutination-inhibition methods, revealed 
that R 60 and R 345 lipopolysaccharides are also 
serologically distinct and can be allocated to 
two different R serogroups (Tables 4 and 6). 
According to the classification of the lipopolysac-
charicles derived from various Salmonella R 
mutants (Beckmann, Subbaiah, and Stocker, 
1964), R 60 lipopolysaccharide belongs to R 
serogroup R II, and R 345 to serogroup R I. 
The results of biochemical analysis show that 
both the S form and the R 345 mutant contain 
EJDP-G1cNAc-epimerase, whereas this enzyme is  
absent from R 60 cells. Thus, R 60 cells are 
unable to synthesize N-acetylgalactosamine, and 
this sugar is absent from the lipopolysaccharide 
obtained from the cells. [Since UDP-G1cNAc is 
used in R 60 cells for TJDP-GalNAc synthesis, 
and since only a small amount of GlcNAc is 
found in the R antigen, accumulation of UDP-
GlcNAc within the cells might be expected. 
Investigation of accumulated nucleotides in S 99 
and R 60 cells revealed that, in fact, there was 
accumulation of UDP-G1cNAc in R 60 cells. 
TJJ)P-acetylmuramic acid-peptide derivatives 
also accumulated. These must originate from 
UDP-GIcNAc, which, because of its high con-
centration within the cells, may be diverted to 
these compounds in greater than normal amount 
(Ltideritz and Strominger, unpublished data).] In-
ability to synthesize galactosamine appears to 
result also in reduction of the galactose and glu-
cosamine incorporated into the R 60 polysaccha-
ride. 
R 345 cells contain TJDP-G1cNAc epimerase 
and are therefore able to synthesize galactosa-
mine, but this sugar is not incorporated into the 
lipopolysaccharide. The chemical and serological 
analysis of other cell fractions revealed the 
presence in R 345 cells of a galactosamine-
containing polysaccharide. This polysaccharide is 
found in the supernatant fluid after ultracentrifu-
gation of the lipopolysaccharide extracts, to- 
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gether with nucleic acid and other cell com-
ponents, and is not bound to lipid. It exerts 0 
specificity, without conferring 0 antigenicity on 
the R 345 cells. This 0-specific polysaccharide 
was purified by specific precipitation with 0 21 
antiserum. After isolation of the purified polysac-
charide, hydrolysates were shown to contain 
galactosamine, glucosamine, galactose, and only 
trace amounts of glucose. 
These findings are in accordance with the fact 
that the polysaccharide extracted from R 60 cells 
by the Freeman method is identical, with respect 
to sugar composition, to that obtained by mild 
hydrolysis of the ijpopoiysacciiaiide of R 60. 
Neither contains galactosamine. The polysac-
charide obtained by the latter method from R 345 
lipopolysaccharide is also a typical R polysac-
charide, containing no galactosamine. The 
product of Freeman extraction of R 345 cells, 
however, is a mixture containing at least two 
polysaccharides: the R-specific and the 0-specific 
polysaccharide, the latter containing galactosa-
mine. 
From partial hydrolysates of S. minnesota S-
lipopolysaccharide, oligosaccharides containing 
galactose, glucosamine, and galactosarnine have 
been isolated (unpublished data), and it is assumed 
that these oligosaccharides are components of 
the 0-specific side chains. It is also believed that 
the basal sugars present in the 0 antigen form 
the core polysaccharide. Thus, the S. minnesota 
O antigen would be composed of a core structure 
to which the specific side chains are attached. 
If this hypothesis is valid, a defect in the syn-
thesis of the specific side chains would lead to a 
mutant, the antigen of which represents the 
basal core polysaccharide. This is presumably 
the case in the R 60 mutant, which has a defect 
in the synthesis of N-acetylgalactosamine, 
resulting in the absence of the specific side chain 
(Table 2). i\'Iutation of strain S 99 to R 345 
obviously leads to an antigen whose structure is 
relatively simpler than that of R 60. The defect 
in this mutant is unknown. Absence of some 
traiisferase responsible for the transfer of a sugar 
in the core polysaccha.ride is a likely probability. 
Unless this basal sugar, which may be glucose, 
and a subsequent one, which may he N-acetyl-
glucosamine, are incorporated to complete the 
basal structure (i.e., the R 60 polysaccharide), 
the 0-specific sugars cannot be transferred. These 
specific sugars are, however, present in the R 345 
mutant and are obviously linked together, since 
they are found in the cell in the form of material 
with 0 specificity. 
Very little is known of the structure of the S 99, 
R 60, and R 345 antigens. Preliminary studies in 
our laboratory have indicated the presence of  
four oligosaccharides in partial hydrolysates of 
R 60 lipopolysaccharide: GlcNAc -. glucose, glu-
cose - galactose, G1cNAc - glucose -* galactose 
And GIcNAc - glucose -* galactose -* glucose. 
These results, together with analyses of the 
mutant polysaccharides, lead to the following 
proposed structure for the basal core polysac-
charide present in the R 60 antigen: 
(phosphoheptose)-glucose - galactose 
I 	glucose - GIeNAc 
(phosphoheptose) ........galactose 
The analysis of the R 345 polysaccharide suggests 
the following structure for this more degraded 
polysaccharide: 
(phosphoheptose)-glucose - galactose 
(phosphoheptose ........galactose 
No information is available regarding the attach-
ment of the second galactose residue (indicated 
by...). 
The results described in this paper are in 
agreement with earlier findings on R antigens 
isolated from different Salmonella S forms (Kauff-
mann et al., 1961). It was shown that in the two 
serological groups into which R strains could he 
divided, the glucose-galactose ratio in R I lipo-
polysaccharides was 1:2 (Luderitz and West-
phal, in press), whereas in the R II antigens it was 
approximately 1:1. A number of R mutants of 
S. typhimuriuni have also been shown to belong 
to the two serogroups R I and R. II (Beckmann 
et at., 1964). Furthermore, it was shown that the 
R II mutants were blocked in the synthesis of the 
0-specific side chain. Some mutants were unable 
to synthesize ihamnose, and others were pre-
sumably unable to transfer rhamnose to polysac-
charide (Nikaido et al., 1964). The presence of 
0-specific material in the supernatant fluids from 
ultracentrifugation was first observed in the R I 
mutants of S. typhiniuriwn (Beckmann et al., 
1964). Preliminary results indicate that partial 
hvdrolysates of R II antigens, other than those of 
S. minnesota R 60, contain oligosaccharicles which 
behave in paper chromatography in the same 
manner as those obtained from that organism. 
These studies, using mutants of S. poona, S. 
inverness, and S. typhiniurium, suggest a common 
structure for these R. II antigens. Usimig another 
S. typhimurium R form, Osborn (personal corn-
nwnication) obtained oligosaccharides, probably 
identical to those indicated above. Thus, it is 
believed that the R I and R II polysaccharides 
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represent common intermediate steps in the 
biosynthesis of Salmonella 0 lipopolysaccharides. 
The large number of different Salmonella 0 
serotypes would, therefore, differ only in the 
specific side chains attached to a common basal 
structure. 
Mutants other than R I and R II should occur. 
It should be possible to, obtain a double mutant 
from S. minnesota R II. This would be phenotypi-
cally a R I mutant but would Jack the 0-specific 
polysaccharide. Subbaiah and Stocker (1964) 
obtained a mutant of this type from S. typhi-
muriuni by recombination of R I and R It mu-
tants. R mutants distinct from R I and R 11, 
containing different proportions of galactose and 
glucose, would also be expected to occur. There 
are indications that such mutants may be in-
cluded among eight S. minnesota R forms isolated 
by Schlosshardt (1960, 1964). 
Other mutations which block the synthesis of 
the core polysaccharide have been described. The 
so-called "M" mutant discovered by Murase 
(1932) and subsequently studied by Nikaido 
(1961, 1962) has a galactose defect because of the 
absence of UDP-glucose-4-epimerase. The poly-
saccharide from this species is composed solely of 
phosphohcptose and glucose units (Osborn, 
1963). Other mutants blocked in U1)P-glucose 
synthesis because of lack of UDP-glucose pyro-
phosphorvlase have been obtained from Escher-
ichia colt (Fukasawa, Jokuia, and Kurahashi, 
1962; Sundaraiajan, Rapin, and Kalckar, 1962), 
because of lack of phosphoglucose isomerase from 
S. typhimurium (Fraenkel, Osborn, and Horecker, 
1963). They contain phosphoheptose as the only 
constituent of the R antigen. 
Nikaiclo (1961, 1962) and Osborn et al. (196 2) 
have shown that enzyme preparations from UDP-
glucose-epimeraseless mutants readily transfer 
galactose-C' 4 from UDP-galactose-C' 1 to lipo-
polysaccharic!e. This result was anticipated, since 
the polysaccharide core of this mutant should be 
synthesized UI) to the point where galactose is 
normally added. The subsequent sequential 
addition of glucose from W)P-glucose and of 
GIcNAc from UDP-GIcNAc has also been 
demonstrated (Osborn and i)'Ari, 1964; Eclstrom 
and Heath, 1964). The incorporation of each of 
these sugars is specifically dependent on the pres-
ence of the preceding sugar. 
Similarly, it might have been expected that 
the UDP-G1cNAc epimeraseless mutant (R 60) 
would be primed for the transfer of GaINAe-C' 4 
from UDP-GalNAc-C' 4 . Although the failure in 
the present work to obtain this transfer might 
have a simple technical explanation, it might 
also imply that the-specific side chain is svn- 
thesized by mechanisms somewhat different from 
those of the polysaccharide core, e.g., by some 
form of simultaneous assembly or by synthesis of 
and transfer from nucleoside cliphosphooligosae-
eharides (Ze!eznick et al., 1964; Nikaido and 
Nikaido, 1964). These possibilities would also 
explain the simultaneous deletion of several 
sugars from the polysaccharide in the mutation 
from S to R form; and, indeed, the presence of the 
0-specific Li polysaccharide, unattached to the 
Iipopolysaecharide, in the H I mutants, lends 
support to this concept. 
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1. The composition of the lipopolysaccharides and the corresponding lipid-free 
polysaccharides from four R-mutants of Salmonella has been studied. All the 
lipopolysaccharides, from RI and R serotypes contained D-gluCOSe, D-galactose, 
heptose, N-acetylglucosamine and 3 -deoxy- 2-oxo-octonate. The polysaccharide 
obtained from the Ril lipopolysaccharides also contained all these sugars. The 
polysaccharides from RI lipopolysaccharides lacked N-acetylglucosamine. 2. 
From partial hydrolysates of the lipopolysaccharides, a number of oligosaccharides 
have been isolated and partially characterized. Oligosaccharides containing N-
acetylglucosamine or glucosamine were obtained only from R II lipopolysaccharides. 
Several oligosaceharides composed of glucose and galactose were common to RI 
and RII preparations. 3. A structural unit, based on the oligosaccharides found, is 
proposed for the RII lipopolysaccharide. It contains the sequence: x-N-acetyl-
glucosaminyl-oc-glucosyl- -galactosy1 -glucosyl.... A second c-galactosyl residue 
is bound to position 6 of the last glucosyl group. The complete unit is believed to 
to be attached to a polyheptose phosphate backbone in the RII antigen. 4. The 
RI lipopolysaccharide of Salmonella minnesota contains an analogous structure 
lacking the terminal N.acetylglucosamine residue. 5. A basal structure common 
to the lipopolysaccharides of several Salmonella species is proposed. 
Salmonella R ('rough') mutants, like the S 
('smooth') strains from which they are derived, 
contain lipopolysaccharides extractable by the 
phenol—water technique (Kauffmann, Kruger, Lüd. 
erits & Westphal, 1961). In several of their biologi-
cal and physicochemical properties they are similar 
to those of the wild type. They are distinct, 
however, in their serological specificity (Kauffmann, 
1961). In contrast with the great variety of specifi-
cities exerted by the 0 antigens of Salmonella 
species, only a few R serotypes are known. Most 
of the R antigens isolated from the R mutants of 
many Salmonella species show serological cross-
reaction. The R lipopolysaccha.rides are also 
chemically simpler than are those of the S strains 
(Kauffmann et at. 1961). Thus the 0 antigens 
contain 'specific' sugars determining 0-specificity, 
together with certain 'basal' sugars found in the 
lipopolysaccharides of all Salmonella species 
(Kauffmann, Liideritz, Stierlin & Westphal, 1960). 
The R antigens contain only these 'basal 'sugars, the 
'specific' sugars being totally absent (Kauffmann 
et at. 1961). 
It has been postulated either that R mutants are 
* On leave from the Bacteriology Department, Edinburgh 
University.  
unable to synthesize the 'specific' sugars of the 
0-serospecific side chains found in the S lipopoly-
saccharides, or that they are unable to transfer 
these sugars to form the complete 0 antigen. Thus 
it is believed that the Salmonella R mutants, 
because of the absence of certain specific enzymes, 
synthesize an incomplete 0 antigen, namely the 
R antigen. In the original, wild type, this R antigen 
represents a 'basal' or 'core' polysaccharide to 
which the specific side chains are attached to 
form the complete 0 antigen (Luderitz, Kauffmann, 
Stierlin & Westphal, 1960). 
The present paper describes studies on the 
chemical nature of the polysaccharides obtained 
from two R mutants of Salmonella minnesota and 
two R mutants of Salmonella typhimurium, with a 
view to determining what similarities, if any, 
exist in the basal polysaccharides of these organisms. 
MATERIALS AND METHODS 
Micro-organisms and methods of culture. The two 
Salmonella miane8ota R strains, R60 and R345, were those 
used by Luderitz et at. (1965). The three Salmonella typhi-
murium strains, TV 157, TV 166 and TV 208, were obtained 
from Dr B. A. D. Stocker, The Lister Institute, London. 
Their serological and chemical properties had been studied 
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by Beckmann, Subbaiah & Stocker (1964b). Strains R345 
and TV 166 are of the RI serotype and strains R 60, TV 157 
and TV 208 are RII mutants. One S. inverness Ru 
mutant and one S. poona R II mutant were also examined 
(Beckmann, Lüderitz & Westphal, 1964a). 
Cultures were mostly grown on nutrient agar or on 
Bacto Eugene agar. With S. minnesota R 345, one batch of 
cells was grown in Difco Penassay liquid medium. 
Preparation of lipopolysaccharide8 and polysaccharides. 
Lipopolysaccharides were extracted from all strains by a 
modification of the phenol-water method of Westphal, 
Liideritz & Bister (1952). In this, the extraction mixture 
was heated for only 5mm. (Lflderitz et al. 1964). Lipid-free 
polysaccharide (200mg.) was prepared from the lipopoly-
saccharides by hydrolysis with 20m1. of 1% (v/v) acetic 
acid at 100° for 60mm. The precipitated lipid A was 
removed by low-speed centrifugation and the supernatant 
was dialysed for 24 hr. against water and freeze-dried. 
Preparation of partial acid hydrolysates. Approximately 
lOg. of each lipopolysaccharide preparation was dissolved 
in lOOmi. of water. An equal volume of 2x-H 2SO4 was 
added and hydrolysis carried out in stoppered glass tubes 
at 100° for 30 min. After the hydrolysate had been allowed 
to cool, all lipid A precipitated was removed by low-speed 
centrifugation. The supernatant solution was diluted with 
2 vol. of water and neutralized with Amberlite IRA-410 
(HCOzr form). The supernatant solution was then filtered 
to remove resin and pervacuated until the volume was 
reduced to about 20 ml. Any precipitate appearing at this 
stage was removed by centrifugation. 
Paper chromatography and paper electrophoresis. Charged 
oligosaecharides and monosaccharides were separated 
from neutral material in the hydrolysates by paper electro-
phoresis on MN 214 paper (70 cm. x 15 cm.; Macherey, Nagel 
and Co., Dflren, Germany) with pyridine-acetic acid-
water (5:2:43, by vol.) buffer, pH53 (buffer D). A current 
of 100-120mA at 3000v was applied for lhr. This same 
system was used to de-salt the products of enzyme treatment 
before paper chromatography. Electrophoresis in borate 
buffer (0-05m-sodium tetraborate, pH 91; buffer E) was 
used to assist in the identification of disaccharides. A 
current of 30-4OmA was applied at 3000v for 2 hr, with 
2043a paper (Schleicher and Schüll, Dassel, Germany). 
The neutral oligosaccharides, eluted from the electro-
phoretograms in buffer D, were separated and identified 
with two descending chromatographic solvent systems: 
pyridine-butanol--water (4:6:3, by vol.; solvent A; 
Whistler & Conrad, 1954); butanol-acetic acid-water 
(4:1:5, by vol.: solvent B; Partridge, 1946). The mono-
saccharides were separated and identified by the solvent 
system described by Fischer & Dürfel (1955) (ethyl acetate-
acetic acid-pyridine-water, 5:1:5:3, by vol.; solvent Q. 
Whatman no. 1 paper was used for all the paper chroma-
tography. 
Sugars and oligosaccharides were normally revealed with 
alkaline AgNO3. Ninhydrin reagent was used to reveal 
hexosamines and thiobarbituric acid spray reagent (Warren, 
1960) for 3-deoxy-2-oxo-octonate. Where it was suspected 
that oligosaccharides might contain phosphorus, the spray 
reagent of Hanes & Isherwood (1949) was used. 
Nomenclature of oligosacaharides. The oligosaceharides 
separated by paper electrophoresis in buffer D were 
numbered El, E2 etc. respectively from the anode. The 
neutral material was then subjected to chromatography in  
solvent A and the oligosaccharides so obtained were 
designated Cl, C2 etc. in order of increasing mobility. Where 
chromatography in solvent B showed that these fractions 
were still complex, they were rechromatographed in this 
solvent. The oligosaccharides subsequently separated 
were called C2a, C2b etc. in order of increasing mobility. 
After elution, oligosaccharide solutions were dried in vacuo, 
and then dissolved in water such that the volume of solution 
was approximately 1001eL/g. of lipopolysaccharide hydro-
lysed. 
Analytical methods. Hydrolysis of polysaccharides and 
oligosaccharides was performed in sealed glass tubes with 
N-H2SO4 at 100° for 4hr. The hydrolysates were then 
neutralized with Amberlite IRA-410 (HCO3 - form). 
n-Glucose was determined with glucose oxidase reagent 
(Boehringer, Mannheim, Germany). u-Galactose, heptose, 
total hexosamine, u-glucosamine, 3-deoxy-2-oxo-octonate 
and phosphorus were determined as described by Lüderitz 
et al. (1964). 
Enzymes used in the hydrolysis of oligosaccharides. 
tx-Glucosidase was prepared from brewer's yeast as described 
by Robbins & Uchida (1962). fl-Glueosidase (emulsin) was 
purchased from Fluka A..G., Buchs, Switzerland. This 
preparation contained considerable amounts of cs-glucos-
idase. ce-Galactosidase, from green coffee beans, was kindly 
donated by Dr M. J. Osborn, Yeshiva University, New York, 
N.Y., U.S.A. fl-Galactosidase obtained from an Escherichia 
coli strain (Wallenfels, Zarnitz, Laule, Bender & Keser, 
1959) was a gift from Professor K. Wallenfels, Freiburg 
University, Germany. a-N-Acetylglucosaminidase was 
prepared from limpets (Patella vulgata) (Levvy & McAllan, 
1963). This preparation also contained large amounts of 
fl.N.acetylglucosaminidase. fl-N.Acetylglucosaminidase 
was extracted from rat epididymis (Levvy & McAllan, 1959). 
Alkaline phosphatase from E. coli cells was purchased 
from Sigma Chemical Co., St Louis, U.S.A. 
After enzymic hydrolysis, quantitative analyses were 
made for the supposed non-reducing terminal sugar of the 
oligosaccharide. In all the enzymic experiments controls 
with the appropriate a- and fl-linked disaccharides of 
known structure were included. For glucosidases these were 
maltose and cellobiose; for galactosidases, melibiose and 
lactose; for N-acetylglucosaminidases, a- and fl-methyl N. 
acetylglucosaminide. The conditions used were such that 
the specific enzyme would cause 90-100% hydrolysis of 
the substrate. 
RESULTS 
Chemical composition of the polysaccharides of B 
strains 
Although the lipopolysaccharides of the strains 
studied contained the same monosaccharide com-
ponents, they could be classified into two serological 
groups, RI and Ru. Chemical analysis showed 
that the composition of substances of the same 
serotype could show some variation. The results 
for the preparations used in the present study are 
given in Table 1. Thus the lipopolysaccharide and 
polysaccharide from S. minnesota R 345 (RI) had 
a glucose: galactose ratio approximately 1:2, 
while in the corresponding preparations from S. 
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Table 1. Convposition of the polysaccharides of Salmonella B strains 
All values are expressed as percentage of dry weight of the llpopolysaccharide or the polysaccharide. -, Not tested. 
Glucose Galactose 
S. minnesota R345 (RI) 
Lipopolysaccharide 40 8•5 
Polysaccharide 121 196 
S. typhimuriuni TV166 (RI) 
Lipopolysaceharide 67 6•9 
Polysaccharide 135 130 
S. minnesota R60 (RI) 
Lipopolysaccharide 60 80 
Polysaccharide 13•0 162 
S. typhimuriuni TV208 (RI) 
Lipopolysaccharide 34 143 
Polysaccharide 50 205 
S. typliimuriuns TV157 (RI) 
Lipopolysaceharide 5.7 5.9 
S. poona Ru 
Lipopolysaccharide 49 5•5 
S. inverness Ru 
Lipopolysaccharide 50 62 
3.Deoxy.2- 
Heptose oxo.octonate P Glucosamine 
12-0 5.0 - 80 
150 20 26 08 
13-7 89 - 7.3 
237 5.7 3-8 06 
7O 5O - 8O 
215 20 2-5 5-6 
6-0 - - 5-2 
(Rhamnose 1-8) 
7.3 - 15 24 
(Rhamnose 2.6) 
70 - - 93 
84 - - 93 
90 - - 9.4 
typhimurium RI the ratio was about 1: 1. Less 
difference was observed in the other constituents of 
these polysaccharides. In both the lipopolysacchar-
ides considerable amounts of glucosamine were 
present, but in the corresponding lipid-free poly-
saccharides this sugar was essentially absent. Thus 
in the two RI mutants, glucosamine is present 
only in the lipid entity of the lipopolysaccharides 
(Luderitz et at. 1964). In contrast, appreciable 
amounts of glucosamine were detected in the lipid-
free polysaccharides from the two RII mutants, 
this being a constituent of the RII structure. In 
lipopolysaccharide and polysaccharide preparations 
from four R II strains, the glucose: galactose ratio 
was approximately 1:1. However, in a fifth strain 
S. typhimurium TV 208, the ratio was nearly 1:4. 
An earlier preparation of lipopolysaccharide from 
this strain contained 6.4% of glucose and 55% of 
galactose (Beckmann et at. 1964b). It is thus 
possible that the bacteria used for our preparation 
differed from those used earlier. 
After a report that treatment with the enzyme 
a-galactosidase released much of the galactose from 
the lipid-free polysaccharide of a S. typhimurium 
R mutant (Osborn, Rosen, Rothfield, Zeleznick & 
Horecker, 1964), we attempted to repeat this with 
the corresponding preparation from S. minnesota 
R345. We obtained release of 26% of the total 
galactose present, as determined by the galactose-
dehydrogenase assay method. The result was 
confirmed by subjecting the products of z-galacto-
sidase treatment to chromatography in solvent C. 
Galactose was the only sugar detected. It thus  
seemed that some of the galactose in the poly-
saccharide of this RI mutant was present as a 
terminal a-galactosyl residue. No galactose was 
released from S. minnesota R 60 polysaccharide by 
the same treatment. The use of specific enzymic 
methods for sugar determination indicated that, in 
all the lipopolysaccharides and polysaccharides 
examined, glucose, galactose and glucosamine 
were in the n-configuration and rhamnose was in 
the L-configuration. 
Oligosaccharides isolated from S. minnesota B 345 
lipopolysaccharide 
Negatively charged material. 345fE 3. Electro-
phoresis of partial hydrolysates of lipopolysac-
charide from this strain consistently showed the 
presence of a relatively large amount of material 
moving to the anode. This fraction stained strongly 
with thiobarbituric acid reagent and on elution 
from the paper the substance gave very strong 
reactions when tested quantitatively for 3-deoxy-2-
oxo-octonate. Tests for other sugars were negative. 
Before and after acid hydrolysis, this fraction 
moved as a single component in chromatography 
solvent C, equidistant with a sample of authentic 
3-deoxy-2-oxo-octonate. It was therefore assumed 
that fraction E 3 was in fact 3-deoxy-2-oxo -octonate. 
345/E4. In partial hydrolysates of some batches 
of R 345 lipopolysaccharide, a small amount of 
negatively charged material, moving slower than 
3-deoxy-2-oxo-octonate in paper electrophoresis in 
buffer D, was detected. Staining with the reagent 
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Table 2. Properties of oligosaccharides isolated from 11 lipopolysaccharides 
Quantitative analysis 
(jimoles/lOOJ. of eluate) 
B010 Yield 
(moles/g. of Other sugars 
Preparation Solvent A Solvent B lipopolysaccharide) Glucose 	Galactose and P 
R345 lipopolysaccharide 
06a 070 062 055 1.09 	0 
C5 054 056 039 0•38 039 
04b 0•49 0•51 1.80 1•94 	1.80 
04a 044 043 015 059 0 
03 037 034 0•16 0•50 	0 
Cl 0•12 0•15 0•36 040 050 
CIE 020 021 0•14 	005 
E4 004 040 048 0 1-9 Heptose: 44 
P: F2 
TV166 lipopolysaccharide 
03 063 060 366 17 	1•2 
C2 049 054 80 3•7 2•4 
Cl 040 0•47 108 0.8 	0•5 
R60 Iipopolysaccharide Glucosamine 
CS 0•76 0•72 168 133 	0 117 
07 066 0•58 172 1•37 0 0 
06 057 059 188 1•49 	114 0 
05 051 0•53 036 0 0 
04c 045 049 0.60 026 	025 0 
C4b 043 047 185 084 085 078 
C4a 042 034 060 039 	0 0 
03b 030 025 046 0•75 040 0•28 
01 0•14 0•13 060 0•95 	0•58 0'33 
E3 019 025 0•62 0•49 0•49 0•35 
TV208 lipopolysaccharide 
010 0.74 0•69 0•80 060 	0 08 
C5b 039 044 035 030 026 0 
C5a 034 039 0.39 034 	033 041 
Cl 0•08 014 0•15 021 0.3 013 
E3 018 0•24 0•23 0•16 	021 020 
of Hanes & Isherwood (1949) indicated the presence 
of phosphorus. Elution and analysis showed the 
presence of heptose, galactose and phosphorus in 
proportions about 2: 1: 1. Sodium borohydride 
reduced 48% of the heptose. Hydrolysis with 
fl-galactosidase released 70% of the available 
galactose and alkaline phosphatase treatment 
liberated 44% of the phosphorus. This compound 
was very slow-moving in chromatographic solvents 
A and B (Table 2). These results lead us to suggest 
that the compound is composed of fl-galactosyl. 
heptose, to which is linked a further heptose 
molecule and one phosphate residue. The possibility 
that there is a mixture of compounds inseparable by 
the methods used, cannot be excluded. Thus the 
phosphorus might be present in two different 
linkages. 
Positively charged material. Only small amounts 
of positively charged material were detected on 
paper electrophoretograms of partial hydrolysates 
of R345 lipopolysaccharide. The material was  
equidistant with glucosamine in buffer D and 
stained with ninhydrin reagent. It was assumed to 
be glucosamine originating from the lipid A 
component of the lipopolysaccharide. 
Neutral material. 345/C6a. Hydrolysates of this 
fraction showed the presence of glucose only. 
With borohydride, 48% of the glucose was reduced. 
The oligosaccharide was 95% hydrolysed with 
c-glucosidase. On chromatography in solvents A, 
B and C, and on electrophoresis in buffer E it moved 
as maltose. Thus fraction C6a is probably O-a-D-
glucopyranosyl-( 1 -->4)-D-glucopyranose. 
345/C6. This fraction contained glucose and 
galactose in equal amounts. Borohydride reduction 
indicated that galactose was the reducing terminal 
sugar. Of the glucose 65% could be released by 
a-glucosidase. C5 is therefore an cc-glucosyl-
galactose disaccharide. The use of diphenylamine 
reagent (Bailey & Bourne, 1960) showed that the 
linkage was not (1-+4). 
345/C4b. This fraction was present in all R345 
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preparations and the yield (Table 2) indicated that 
it was one of the major fractions in the hydrolysate. 
Paper chromatography of hydrolysates of this 
oligosaccharide showed that it was composed of 
glucose and galactose and analysis gave a ratio 
1-1:1. After borohydride reduction and hydrolysis, 
no glucose could be detected but the galactose value 
remained unchanged, indicating that the substance 
is probably a galactosyiglucose disaccharide. It 
was extensively hydrolysed with a.galactosidase. 
Chromatography in solvents A and B, and electro-
phoresis in buffer E, showed that it moved exactly 
equidistant with melibiose in each system. It 
therefore seems probable that C4b is 0 -a -D-
gaiactop3,-ranosyl-(1 -~6)-n-glucopyranose. 
345/C4a. This substance yielded only glucose on 
hydrolysis and the glucose content decreased after 
treatment with borohydride treatment. The ratio 
of glucose before reduction to glucose after reduction 
was 3 - 3:2. Hydrolysis with a-glucosidase liberated 
89% of the total glucose as free sugar. Thus the 
compound may be a trisaccharide with both linkages 
having the cc-configuration. Chromatography in 
solvent A of the products of enzymic hydrolysis 
revealed glucose and a spot equidistant with 
maltose. The oligosaccharide itself has the same 
R 010  value as maltotriose in this solvent. It thus 
seems that C4a is O.a -D .glucopyranosyl-( l-*4)-O-
cc-D -glucopyranosyl-( 1-->4)-D-glucopyranose. It is 
possible that small amounts of contaminating 
material 345/C3 were present. This could be the 
reason why only 89% of the glucose was liberated 
enzymically. 
345/03. Like the previous fraction, hydrolysates 
of C3 revealed glucose as the sole component 
monosaccharide. A 25% reduction in the glucose 
content followed treatment with borohydride, so 
this was probably a tetrasaccharide. Only 26% of 
the glucose was liberated by a a-glucosidase treat-
ment and -glucosidase was equally inactive. 
Chromatography of the products of cc-glucosidase 
hydrolysis revealed traces of materials moving equi-
distant with maltose and maltotriose in solvent A. 
This oligosaccharide did not move equidistant with 
maltotetraose and insufficient material was available 
to determine its structure further. 
345/C2. This fraction was present in very small 
quantities and paper chromatography of hydroly-
sates showed that it contained glucose, galactose and 
galactosamine. The presence of this last sugar 
indicated that the lipopolysaccharide was con-
taminated with 'S' material and no further tests 
were made. 
345/Cl. This slow-moving oligosaccharide was 
found to contain glucose and galactose in equal 
proportions. Borohydride reduced 40% of the 
glucose, and 44% of the galactose could be liberated 
with a-galactosidase. The oligosaccharide produced  
by cc-galactosidase (345/C1E) was shown to be a 
trisaccharide with glucose as the terminal reducing 
sugar. It could not be hydrolysed further by cc-
or -glucosidase or -galactosidase. In view of the 
possible structures of 345/Cl and 345/CIE it is 
difficult to understand the resistance of both these 
oligosaccharides to hydrolysis by glucosidases. 
Oligosaccharide8 obtained from S. typhimurium 
TV 166 lipopolysaccharide 
The only charged material obtained from electro-
phoretograms of partial hydrolysates of this 
lipopolysaccharide was identified as 3-deoxy-2-
oxo-octonate and glucosamine. The neutral mater-
ial, after elution and chromatography, showed a 
much simpler pattern than that obtained in the 
hydrolysates of the other lipopolysaccharides 
examined, only three oligosaceharides being detec-
ted. 
166/C3. The fastest-moving oligosaccharide 
contained equal amounts of glucose and galactose. 
All the galactose could be reduced by borohydride 
and 76% of the glucose was liberated after treatment 
with oc-glucosidase. It thus seems that 166/03 is a 
disaccharide with the structure a-glucosylgalactose. 
However, from its chromatographic properties and 
electrophoresis in buffer E, it is different from 
345/C5. 
166/02. A second fraction containing only 
glucose and galactose was, like 166/03, obtained in 
high yield (Table 2). The ratio of glucose to 
galactose was 15: 1 and galactose was found to be 
the terminal reducing sugar. It proved impossible 
to split the glycosidic bond with cc- or -glucosidase. 
Staining of the oligosaccharide with diphenylamine 
reagent gave a blue colour which is thought to 
indicate a (1-*4) linkage (Bailey & Bourne, 1960). 
Insolvent A, 166/C2 moved at the same speed as an 
oligosaccharide isolated from partial hydrolysates 
of E. coli 0111 lipopolysaccharide and thought to 
be 0-cc-D-glucopyraflOsyl-(l-+4)-D-galactOPYrafloSe 
(H. Mayer, unpublished work). 
166/Cl. This oligosaccharide was identical with 
fraction 345/C4b in all respects tested, i.e. it is 
probably O-cz-D -galactopyranosyl-( l-*6)-n-gluco. 
pyranose. 
Oligosaccharides found in partial hydrolysates of 
the lipopolysaceharide of S. minnesota B 60 
60/C8. The fastest-moving neutral oligosacchar. 
ide isolated from this preparation yielded glucose 
and glucosamine on hydrolysis. Analysis showed a 
ratio 1: 1, and all the glucose was destroyed on 
reduction. As the fraction is neutral, the glucos. 
amine must be substituted. The presence of material 
moving as N-acetylglucosamine in the hydrolysate 
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of 60/08 (as well as of the lipopolysaccharide) 
suggests that 60/08 is, in fact, N-acetylated. The 
nature of the glycosidic bond was determined with 
a- and -N-acetylglucosaminidases. Only the 
a-enzyme liberated free N-acetylglucosamine from 
the oligosaccharide. It is therefore a-N-acetyl-
glucOsamrnyl-D -glucose. 
60/07. An oligosaccharide composed solely of 
glucose was also found. Half the glucose was 
reduced by borohydride and.a-glucosidase liberated 
much of the available glucose. On chromatography 
in solvents A and B, and on electrophoresis in 
buffer E, it moved as maltose and as 345/C6a. It 
is therefore O-oc-D-glucopyranosyl-( 1-->4)-D -gluco-
pyranose. 
60/06. Hydrolysates of this fraction contained 
glucose and galactose in the ratio 12:1. All the 
galactose was reduced by borohydride, indicating 
that the oligosaccharide is probably a glucosyl-
galactose disaccharide. The enzyme x-glucosidase 
released 58% of the available glucose, indicating 
that the glucosyl linkage had an a-configuration. 
It differed in its chromatographic and electropho-
retic mobilities from the disaccharides found in 
TV 166 lipopolysaccharide hydrolysates (166/03 and 
166/02) but was apparently identical with 345/C5. 
60/05. This oligosaccharide, which was obtained 
in very small quantities, yielded only glucose on 
hydrolysis and 33% of this sugar was reduced by 
borohydride. About 50% of the glucose was 
released by oc-glucosidase. It would seem to be a 
trisaccharide composed of glucose and differing 
from maltotriose in its chromatographic behaviour. 
60/04c. This oligosaccharide was identical with 
345/C4b and with melibiose in all respects tested. 
It is therefore O-a-D-galactopyranosyl-( 1-*6)-D-
glucopyranose. 
60/04b. This was composed of glucose, galactose 
and N-acetylglucosamine. The three sugars were 
present in the molar proportions 1: 1: 1. All the 
galactose was reduced by borohydride. Hydrolysis 
of 03/hmole with N-sulphuric acid for 15mm., 
followed by neutralization and chromatography in 
solvent B, revealed glucose, galactose, N-acetyl-
glucosamine and materials moving equidistant with 
60/06 and 60/08. It is probable that 60/04b was 
the trisaceharide a-N-acetylglucosaminyl-a-D-glu-
cosyl-D-galactose. Attempts to release amino sugar 
with a-N-acetylglucosaminidase were unsuccessful 
and no hydrolysis was obtained with a-glucosidase. 
60/04a. This fraction was identical with 345/C4a 
and with maltotriose in all respects tested. 
60/03b. Although composed of the same three 
sugars as 60/04b, the glucose: galactose: N-acetyl-
glucosamine molar proportions were 2: 1: 1, sug-
gesting that the substance was a tetrasaccharide. 
Further evidence for this was obtained when 50% 
of the glucose was reduced by borohydride. Galac- 
tose was not released by treatment with a-galacto-
sidase, and ce-glucosidase was inactive. Although 
no free sugar was liberated by a-N-acetylglucos-
aminidase, the most likely structure, deduced from 
the disaccharides and trisaccharide found, would 
be z-N-acetylglucosaminyl-a-D-glucosyl-D -galacto-
syl-D -glucose. 
60/01. Hydrolysates of this oligosaccharide 
contained glucose, galactose and glucosammne in the 
proportions 2:2: 1, and 50% of the glucose was 
reduced by borohydride. On acid hydrolysis of 
about 03tmole of the oligosaccharide in the same 
way as for 60/04b, a number of spots, in addition to 
glucose, galactose and N-acetylglucosamine, were 
detected on chromatography in solvent B: (i) a spot 
equidistant with 60/03b, N-acetylglucosaminyl-D-
glucosyl-D-galactosyl-D-glucose; (ii) a spot moving 
faster than 60/03b but slower than the trisaccharide 
60/C4b; (iii) a spot equidistant with 60/C4b; (iv) a 
spot equidistant with 60/C4c and melibiose; (v) 
a spot equidistant with 60/08, a-N-aeetylglucos-
amlnyl-D-glucose. None of the N-acetylglucos-
amine could be liberated by treatment with a-N-
acetylglucosaminidase, but 60% of the galactose 
in the oligosaccharide could be liberated by cc-
galactosidase treatment. When the products of 
a-galactosidase action were chromatographed in 
solvent B, two spots were detected, equidistant 
with galactose and with the tetrasaccharide 60/03b 
respectively. From these results we conclude that 
01 is a pentasaccharide of possible structure: 
a-D-galactosyl . . . (cc-N-acetylglucosaminyl-cc-D-
glucosyl- (X- -galactosyl-D -glucose). 
60/E3. One positively charged fraction other 
than free hexosamine was detected in partial 
hydrolysates of R60 lipopolysaccharide. This 
contained glucose, galactose and glucosamine in 
approximately equal proportions. The galactose 
was reduced by borohydride. On acetylation by 
the procedure used in the determination of total 
glucosamine (Strominger, Park & Thompson, 1959), 
the product was found to move equidistant with 
60/04b in solvent B. It was therefore thought 
that E3 was the trisaccharide a-glucosaminyl-cc-
D -glucosyl-D -galactose. 
Oligosaceharides obtained from partial hjdrolysates 
of S. typhimurium TV 208 lipopolysaccharide 
The preparations from this organism contained 
3-deoxy-2-oxo-octonate and hexosamine, as did 
those from all the other lipopolysaccharides studied. 
One other electrophoretically mobile fraction, 
moving to the cathode, and large amounts of 
neutral material were obtained. 
208/010. This oligosaccharide was identical 
with 60/08 in all respects tested, i.e. it was appar-
ently a-N-acetylglucosaminyl-r-glucose. 
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208/C2, C7, C8 and C9. These fractions were 
found to contain galactose, mannose and rhamnose. 
The presence of these 'specific' sugars indicated 
that they were derived from contaminating 'S' 
substance and they were not studied further. 
208/C5b. This fraction contained glucose and 
galactose and it behaved like melibiose in every 
respect tested. 
208/C5a. Hydrolysates of this fraction contained 
equal quantities of glucose, galactose and N-
acetyiglucosamine. It appeared to be identical 
with the trisaccharide 60/C4b. 
208/Cl. This was identical with 60/C in every 
respect, i.e. it was thought to be a pentasaccharide 
with possible structure x-D-galactosyl . . . (ce-N-
acetylglucosaminyl-ce-D -glucosyl-ce-D -galactosyl-n - 
glucose). 
208/E3. The one positively charged oligosac-
charide detected contained equal quantities of 
glucosamine, glucose and galactose. It was 
apparently identical with 60/E3. After acetylation, 
it moved in solvent B like 208/C5a and like 60/E3 
after acetylation. 
Material from S. typhimurium TV 157 (Rh), 
S. poona Eli and S. inverness Eli 
In addition to the preparations from the four 
bacterial strains which were the main subject of 
this study, small amounts (50-60mg.) of lipopoly-
saccharides from three other RII strains were 
hydrolysed in parallel with a similar amount of 
lipopolysaccharide from S. minnesota R60. After 
paper electrophoresis, the neutral fractions were 
eluted and subjected to paper chromatography in 
solvent A. Guide strips cut from the four chromato-
grams showed identical sequences of oligosacchar-
ides. The three major spots were eluted from each 
chromatogram. After hydrolysis, their mono-
saccharide constituents were analysed by cellulose 
thin-layer chromatography in solvent A and by 
quantitative analysis. The oligosaccharides cor-
responding in position to 60/C8 all contained N-
acetylglucosamine and glucose in the ratio 1: 1, 
and those corresponding to 60/C6 contained glucose 
and galactose in the ratio 1: 1. The third group of 
oligosaccharides, corresponding to 60/C4b, all 
contained glucose, galactose and N-acetylglucos-
amine in the proportions 1:1:1. 
Table 2 summarizes the properties of the oligo-
saccharides isolated from all the preparations. The 
R 01 , values given are those obtained when all 
oligosaccharides from one preparation were run 
together. To confirm the tentative identity of 
oligosaccharides from different preparations, they 
were always run side by side along with the authentic 
compound when available. 
DISCUSSION 
In the genus Salmonella the serological speci-
ficities of the wild-type (S) strains, the subject of 
the Kauffmann—White scheme, are exceedingly 
numerous. The lipopolysaccharides, which can be 
extracted by the phenol—water technique, account 
for the heat-stable, 0-specificities. However, the 
R mutants derived during laboratory culture from 
widely different S strains show a very limited range 
of serological specificity. On serological examina-
tion, most of these R mutants can be allocated to 
two groups, RI and Ril. Similarly, in contrast 
with the numerous chemotypes of the S polysac-
charides, most of the R strains possess lipopoly-
saccharides of the same chemotype (I), containing 
only the basal sugars: glucose, galactose, glucos-
amine, 3-deoxy-2-oxo-octonate and heptose. It 
has been shown that in the RI lipopolysaccharide 
of S. minnesota R345 the glucosamine is present 
only in the lipid A entity and is essentially absent 
from the polysaccharide (Luderitz et al. 1965). 
Conversely, S. minnesota R60, belonging to the 
serological group R II, contains glucosamine as an 
integral component of the polysaceharide. It was 
suggested that the heptose, together with phos-
phate, forms a 'backbone' to which are attached 
side chains containing glucose and galactose in the 
RI lipopolysaccharides, whereas those from the 
RII mutants also contain glucosamine. 
From our analyses of four different R lipopoly-
saccharides and the corresponding polysaccharides 
(Table 1), the proportions of glucose, galactose and 
heptose are such that either the side chains attached 
to the heptose are very short, possibly containing 
one glucose and one galactose residue attached to 
each heptose molecule, or the chains are somewhat 
longer and not all the heptose molecules possess 
attached side chains. It is, of course, also possible 
that the side chains are not uniform in respect to 
length and to composition. 
The purification of lipopolysaccharides after 
extraction with phenol—water is based on their 
behaviour in the preparative ultracentrifuge. This 
technique sediments the lipopolysaccharide as a 
gel, while most of the contaminating materials, 
such as nucleic acid and glycogen, remain in the 
supernatant liquid. Small amounts of these con-
taminants, however, may be present in the sediment 
even after two washings with water. In assessing 
the importance of the oligosaccharides obtained in 
the partial hydrolysis studies, the origin of these 
compounds must be considered, as they may be 
derived from distinct sources: (i) the actual R 
lipopolysaccharide; (ii) contaminating S material; 
(iii) other contaminating polysaccharides. There 
are two possible sources of the S substances. It is 
known that in RI mutants 0-specific material is 
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found as a haptenic polysaccharide in bacterial 
extracts (Beckmann et al. 1964b; Lüderitz et al. 
1965). This would seem to be the most likely 
source of the galactosamine.containing material 
found in small amounts in the partial hydrolysates 
of the lipopolysaccharide preparation from S. 
minnesota R 345. Alternatively, the R cultures may 
partially revert, by back mutation, to the S form. 
This is especially true of S. typhimurium TV 208 
(Nikaido, Nikaido, Subbaiah & Stocker, 1964). 
As there has been no report of S-specific substances 
in R II cultures, the presence of oligosaccharides 
containing rhamnose, mannose and galactose in 
partial hydrolysates of the lipopolysaccharide from 
S. typhimurium TV 208 can apparently only be 
ascribed to partial reversion of the bacterial 
culture to the S form. Again, these oligosaccharides 
were present in relatively small amounts, insufficient 
to permit analysis and detailed study. Polyglucans 
of the glycogen type are produced by many species 
of Enterobacteriaceae (see, e.g., Palmstierna, 1956; 
Robbins & Uchida, 1962). Because of the physical 
properties of such substances they are likely to be 
present as contaminants of lipopolysaccharides 
prepared by the phenol—water extraction method. 
This may be the source of the maltose, maltotriose 
and other a-linked glucose-oligosaccharides found 
in the S. minnesota preparations. 
Thus there remain a number of hetero-oligo-
saccharides which, we consider, originate from the 
R lipopolysaccharides. The possible structure of 
these, together with the preparations in which 
they were found, are shown in Table 3. The most 
complete series of oligosaccharides was that 
obtained from the R II mutant, S. minnesota R 60. 
From the disaccharides, trisaccharide and penta. 
saccharide found, we have formulated the structure 
(I) for the oligosaccharide 60/Cl. As we have 
no evidence that this pentasaccharide contains 
more than two glucose residues, there are 
theoretically three possible derivations of the 
disaccharide C4c (melibiose). This may derive 
from the main chain, where a galactosyiglucose 
unit exists, or the a-galactosyl residue may form a 
branch attached to either the first or second glucose 
residue (reading from the right) in the above 
sequence. We have based our formula on the 
following considerations. (i) Enzymic hydrolysis of 
60/C1 with a-galactosidase led to production of the 
tetrasaccharide 60/C3b. (ii) When C3b was partially 
hydrolysed with acid, no melibiose was demonstra-
ble, suggesting that no a-(1-->6)-linked galactose is 
present in its structure. (iii) Acid hydrolysis of the 
pentasaccharide C  led to production of an oligo-
saccharide chromatographically the same as meli. 
biose. The only possible position of the a-i-
galactosyl-(1--->6)- would then be as a branch from 
the main chain. (iv) If the galactose were attached 
to the second glucose in the formula, one would 
expect to find a tetrasaccharide with galactose as 
the terminal reducing sugar and a trisaccharide 
with glucose as the terminal reducing sugar, the 
proportions of N-acetylglucosamine: glucose: galac-
tose being 1: 1:2 and 1: 1: 1 respectively. Such 
oligosaccharides have not been found. It can be 
concluded that the galactose liberated from the 
pentasaccharide by the action of a-galactosidase, 
and thus present in a non-reducing terminal 
position, is the galactose bound to the 6-position of 
the first glucose residue in the sequence. The only 
possible disaccharide derivable from the above 
structure which we have not found is the galactosyl-
glucose disaccharide from the main chain. How-
ever, the absence of this compound from our series 
may be explicable from the findings of Osborn et al. 
(1964), who transferred galactose from UDP-
galactose to the antigen of a mutant of S. typhi-
murium, the polysaccharide of which contained only 
Table 3. Distribution of otigosaceharides found in lipopolysaccharide hydrolysates 
Possible structure S. minnesota S. typhimurium S. minnesota S. typhimuriuim 
of oligosaccharide R345 (RI) TV166 (RI) R60 (RI) TV208 (RI) 
-N-AcetylglucosaminylgIucose - - 08 010 
a-n-Glucosyl-D-galactose - 03 - - 
-D-Glucosyl-D.galactose C5 - C6 - 
Glucosylgalactose - C2 - - 
0-a-D-Galactopyranosyl-(1---*6)-D-gluc0- C4b Cl C4c C5b 
pyranose 
a-N-Acetylg1ucosarninyl--g1ucosylgaIac- - - C4b C5a 
tose 
a-N-Acetylglucosaminyl.a-glucosyl-a-gal- - - C3 - 
actosylgiucose 
tx-D -Galactopyranosyl. (x-D -glucopyrano. C - - - 
syl-n-galactosylglucose) 
z-D-GalactOpyranosyl- (a-N- acetylgiucos. - - C C  
aminyl-rc.n-glucopyranose) 










heptose and glucose. The product obtained after 
transfer of the 'galactose contained this sugar as a 
non-reducing terminal residue bound a-glycosidic-
ally to the 3-position of the glucose residues. The 
oc-galactosyl-(1--+3)-linkage was shown to be very 
acid-labile and it was not possible to obtain the 
disaccharide, O-x-D-galactopyranosyl-(l -*3)-D-glu. 
cose, by partial acid hydrolysis. Thus if the same 
a-(1--+3)-linkage is present in 60/Cl, its lability 
should lead to preferential formation of oligosac-
charides from other parts of the molecule, and in 
particular C4c, if the structure is as shown. 
S. minnesota R 60 is deficient in the enzyme EJDP-
N-acetylgalactosamine 4-epimerase (Luderitz et al. 
1964). We have therefore concluded that the R 
antigen of S. minnesota R60 represents the basal 
core of the corresponding 0 antigen. This core, 
according to our results and those of Osborn (1963), 
would be composed of a backbone of heptose and 
phosphate to which are bound side chains with the 
structure of 60/Cl. 
In S. minnesota R 345, the site of mutation which 
leads to production of the RI antigen is unknown. 
It has been suggested that the structure of RI 
antigens should be simpler than that of Ril anti-
gens. This has been confirmed. All the glucosamine. 
free oligosaccharides found in the R 60 hydrolysates 
were also found in the R345 hydrolysates. In 
addition, the tetrasaccharide 345/Cl was obtained. 
This resembled the pentasaccharide 60/C1 in that 
about 50% of the galactose could be released by 
x-galactosidase. Further, one of the products of 
enzymic treatment of 345/Cl was isolated and shown 
to be a trisaccharide composed of glucose and 
galactose in the ratio 2:1. It is concluded that the 
R 345 antigen contains side chains analogous to the 
structure of R 60, namely (II). A probable explan-
ation for the absence of this oligosaccharide in 
R 60 hydrolysates may arise from the relative stab-
ility of the ce-N-acetylglucosaminyl-D-glucose 
linkage to acid hydrolysis. The discovery of an 
oligosaccharide containing galactose, heptose and 
phosphorus (345[E4) appears to indicate that some  
of the galactose present in R345 polysaccharide is 
attached directly to the heptose/phosphate core. 
The site of mutation in the RII mutant S. 
typhimurium TV 208 involves TDP-rhamnose syn. 
thetase. This is analogous to the mutation in 
S. minnesota R 60 in that one of the specific sugars 
from the 0 antigen is not synthesized. The oligo-
saccharides isolated from partial hydrolysates of 
these two strains were very similar. This would 
suggest that the basal structures of these two 
polysaccharides are very similar, if not identical. 
The site of mutation in the second RI mutant 
studied is also unknown. The partial hydrolysates 
from the lipopolysaccharide of this strain, S. 
typhimurium TV 166, contained melibiose. This 
was to be expected if the basal structure of this 
species is the same as that of S. minnesota and from 
the results with the S. typhimurium R II mutant. 
As none of the other oligosaccharides obtained from 
S. minnesota R 345 has been detected in S. typhimu-
rium TV 166 hydrolysates the biosynthesis may be 
blocked at an earlier stage in S. typhimurium TV 166. 
The side chains on the lipopolysaccharide of this 
strain would then comprise galactosylgiucose 
residues bound to the heptose backbone. However, 
an a-glucosylgalactose disaccharide (166/C3) was 
obtained which differed in its properties from that 
detected in S. minnesota hydrolysates (e.g. 60/C6). 
Whether this was derived from a position corre-
sponding to that yielding 60/C6 is uncertain. It is 
possible that a difference in one linkage such as this 
might not be reflected in detectable differences in 
the corresponding trisaccharide and pentasacchar-
ide, by the methods at our disposal. The identity' 
of 166/C2 remains uncertain. Its resistance to both 
a- and fl-glucosidase might indicate that it is 
O-a-D -glucopyranose- ( 1-+4) -D -galactopyranose, a 
disaccharide reported to be extremely resistant to 
hydrolysis with a-glucosidase (Robbins & Uchida, 
1962). The high yield in which this oligosaccharide 
was obtained seems to preclude the possibility of 
S material being the source. However, the origin 
of 166/C2 and C3 remains unresolved. It is possible 






cc-N-Acetylglucosamine-cc-Glc- cc-Gal-(1--+3)-Glc.. heptose(phosphate) 
(III) 
that in some mutants deficiency in some locus might 
lead to the production of sugar sequences in the 
lipopolysaccharide additional to and differing 
from those found in the wild type. 
Supporting evidence for a common basal structure 
in Salmonella species was obtained from the small 
amounts of lipopolysaccharides from three other 
R II strains examined. Unlike the two R 1mutants 
studied in detail, the site of mutation in S. inverness 
R II and S. poona R II and S. typhimurium TV 157 
was not known. However, the ending of oligo-
saccharides chromatographically and in some cases 
also chemically similar to those obtained from the 
four strains forming the main subject of this study, 
is further indication of a common basal structure. 
Of particular significance is the result with S. 
inverness, as an antiserum prepared against this 
RII mutant has been used throughout in the 
classification of RII mutants. Further, a glucosyl-
galactose disaccharide indistinguishable from 60/C6 
was obtained during studies on the oligosacoharides 
obtained from Salmonella 0 antigens of the sero-
logical groups G, N and U (D. A. R. Simmons, 
0. Lüderitz & 0. Westphal, unpublished work). 
From S. poona 0 antigen, a disaccharide composed 
of glucose and N-acetylglucosamine and resembling 
60/C8 was isolated. There thus seem to be good 
grounds for suggesting that many Salmonella 
species possess a common basal structure (III). 
The existence of such a structure in S. typhimu-
rium has also been proposed by Osborn et al. (1964). 
These workers studied the incorporation of isotopic-
ally labelled sugars from nucleotide diphosphate 
compounds into the lipopolysaccharide of mutants 
with known defects. They observed the sequential 
addition of monosaccharides to a basal structure 
composed of heptose and phosphate. The sequence 
detected, glucose, galactose, glucose and glucos. 
amine, is that which would be expected if the 
formula we have derived is correct. Similar results 
have also been reported for E. coli 0 111 (Edstrom 
& Heath, 1964). It is therefore possible that this 
common basal structure is found not only in mem-
bers of the genus Salmonella but also in E. co/i and 
possibly in related genera. 
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The composition of Iipopolysaccharides of Kiebsiella aerogenes and 
Aerobacter cloacae 
The chemical composition of the lipopolysaccharides of the Enterobacteriaceae 
has been the subject of much research (reviewed by LUDERITZ, STAUB AND WEST -
PHAL1). However, during studies on polysaccharide biosynthesis by Klebsielltz aerogenes 
and A erobacter cloacae, it was apparent that little information on the lipopoly-
saccharides of these species existed. This neglect is no doubt due to the important 
immunological and immunocheinical role of the exopolysaccharide slime or capsules 
and the consequent minor role of the lipopolysaccharides. SALTON 2 reported the sugars 
found in cell-wall hydrolysates of K. aerogenes and A. cloacae. 
An acetone-powder of bacteria or cell walls was prepared, the latter being 
preferable for mucoid strains. Lipopolysaccharide was prepared by the modified 
phenol—water extraction procedure and purified by 41tracentrifugation 3. The poly-
saccharides were prepared by acetic acid hydrolysis 4 . Micro-determination of glucose 
and galactose was made by the specific oxidase reagents, on i N H 2SO4 hydrolysates 
(1000, h) neutralised with Amberlite IR4Io (HCO 3j resin. Total hexosamine, 
heptose and phosphorus were determined as described by SUTHERLAND, LUDERITZ 
AND \VESTPHAL5. Methyl pentoses were determined by a micro-modification of the 
cysteine-sulphuric acid reaction. 
TABLE I 
MONOSACCHARIDE CONSTITUENTS OF KLEBSIELLA AND OTHER LIPOPOLYSACCHARIDES 
Organism 	Strain 	 Monosac.charides detected chromatographically 
A. cloacae NCTC 5920 Glucose, glucosamine, rhamnose 
A. cloacae NCTC 035 Glucose, galactose, glucosamine, galactosamine, mannose 
K. aerogenes 1.2 Glucose, galactose, glucosamine 
K. aerogenes A3 (SI) Galactose, glucosamine 
K. aerogenes A3 (0) Galactose, glucosarnine 
K. aerogenes A4 Glucose (trace), galactose, glucosamine 
K. aerogenes NCTC 418 Glucose, galactose, glucosamine 
E. coli "Porton" Glucose, galactose, glucosamine, rhamnose 
Biochim. Biophys. Acta, ii (1966) 261-263 
TABLE II 
COMPOSITION OF KLEBSIELLA AND OTHER LIPOPOLYSACCHARIDES AND POLYSACCHARIDES 
All values are given as percentages. LPS, lipopolysaccharide; PS, polysaccharide; KDO, 2-keto-3-deoxyoctonate. 
Organism Strain Material Yield Anthrone Gic Gal Heptose KDO GleN P Other sugars 
(% dry (glucose) 
bacteria) 
Rhamnose 
' A. cloacae 5920 LPS i. 26.6 6.4 0 14.4 4.0 10.2 - 20.3 
5920 PS 45,5* 51.2 8.1 o 18.6 0.7 8.1 1.2 27.4 
Mannose 
' A. cloacae 035 LPS i.6 23.7 6.9 3.8 5.5 9.9 - 4.8 
035 PS 35,3* 47.1 8.1 6.7 20.7 0.9 53** 1.7 5.6 
K. aerogenes 1.2 LPS 0.8 14.8 5.4 2.2 111.8 5.6 6.5 - 
K. aerogenes A3 (SI) LPS 3.0 25.5 1.5 22.8 14.0 4.3 7.9 - 
A3 (Sl) PS 33,3* 48.0 1.3 42.0 17.8 0.7 0.3 1.2 
K. aerogenes A3 (0 ) LPS 0.8-2.7 24.7 1.7 26.7 14.3 4.1 7.7 - 
A3 (0 ) PS 30.0_39.0* 40.7 2.5 50.7 20.6 o.8 0.5 1.2 
K. aerogenes A4 LPS 1.5 23.3 2.5 17.7 14.4 4.9 3.' - 
K. aerogenes 418 LPS 1.9-3.7 16.6 6.2 8.7 15.3 5.0 8.3 - 
418 PS 3,3* 34.6 10.2 io.6 18.6 0.4 0.5 1.8 
Rhamnose 
E. coli 'Porton" LPS 2.1 30.5 12.3 9.9 11.0 4.8 9.8 - 5.2 
"Porton" PS 28.3* 40.0 15.4 12.1 18.2 0.9 6,5 1.1 6.7 
* % of lipopolysaccharide. 










SHORT COMMUNICATIONS 	 263 
Four mucoid strains of K. aerogenes and two of A. cloacae were studied, together 
with eight independently isolated non-mucoid variants of K. aerogenes A3. A strain 
of Escherichia coil was also included for comparison. 
Table I shows the sugars detected by paper chromatography. It can be seen 
that except for A. ciocaea NCTC 035 and the K. aerogenes A3 variants, all preparations 
contained glucose, galactose and glucosamine. Certain strains also contained rham-
nose, mannose and galactosamine. The absence of fucose indicated that the lipopoly-
saccharides were free from exopolysaccharide contamination. 
The results of detailed analysis of lipopolysaccharides and the corresponding 
lipid-free polysaccharides are shown in Table II. The value for mannose was deduced 
by the difference between cysteine—sulphuric acid reaction for hexoses and the sum 
of the values for glucose and galactose. It is apparent that there is no uniform pattern 
of chemotvpe in the lipopolysaccharides examined. Thus the "basal" structure pro-
posed for Salmonella lipopolysaccharides 5 is not common to K. aerogenes and A. cloacae. 
The galactose-containing lipopolysaccharide of K. aerogenes strain A3 was in all 
probability the source of galactose found as a contaminant of exopolysaccharide 
preparations from this strain6. This lipopolysaccharide is also interesting in that the 
absence of glucose indicates that the galactose must be directly linked to a heptose-
phosphate "core", thus again differing from Salmonella and Escherichia preparations. 
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Depolymerases for Bacterial Exopolysaccharides obtained 
from Phage-Infected Bacteria 
By I. W. SUTHERLAND AND J. F. WILKINSON 
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SUMMARY 
Several bacteriophages have been isolated which, in association with the 
host bacteria, produce enzymes that depolymerize the exopolysaccharide 
of Escherichia coli K12 and other slime polysaccharides of the same chemical 
type. Chemical analyses show the similarity of the polysaccharides 
produced by E. coli K12, by other E. coli strains and by Aerobacter cloacae 
NCTC 5920: all contain 28-33% fucose, 16-19% glucose, 25-28 % galactose, 
14-22 % glucuronic acid. The action of the depolyinerizing enzymes greatly 
decreases the viscosity of the polysaccharide solutions but does not 
liberate any fragments of low molecular weight. Partial purification of 
the enzymes was achieved by ammonium sulphate precipitation and 
chromatography on DEAE-cellulose. The enzymes are active against 
exopolysaccharides produced by bacteria in which the phages are unable 
to multiply. Evidence is presented to show that the structural genes for 
enzyme production are located on the phage genome rather than on the 
bacterial genome. One of the enzyme systems was unusual in that it was 
only produced following phage infection and lysis of mucoid host strains. 
Its production was induced by the polysaccharide substrate. 
INTRODUCTION 
In studying the composition and structure of bacterial and other polysaccharides 
the use of depolymerizing enzymes can provide a useful adjunct to chemical 
methods. Enzymes capable of hydrolysing bacterial exopolysaccharides have been 
obtained mainly from bacterial species isolated by the elective culture technique. 
Thus Dubos & Avery (1931) obtained an organism ('Bacillus vulgatus') from which 
an enzyme that decomposed the capsular polysaccharide of Pneumococcus type III 
was obtained. Further studies on this, or a very similar system, proved that the 
enzyme involved was inducible (Torriani & Pappenheimer, 1962). An alternative 
source for the isolation of such depolymerases is a bacterium + virulent bacterio- 
phage system. The possibility of obtaining exopolysaccharide depolymerases from 
such a source was shown by Adams & Park (1956) who thus isolated an enzyme 
active against the olysaccharide of Klebsiellapneumoniae B. More recently, bacterio- 
phages which possess enzymes able to break down polysaceharides of Azotobacter 
vinelandii have been isolated (Eklund & Wyss, 1962). In our own laboratory 
enzymes which depolymerize the slime polysaccharide of the A 3 strain of Kiebsiella 
aerogenes type 54 have been obtained from bacteriophage-infected cultures (J. M. 
Macgregor and J. F. Wilkinson, unpublished results). In an attempt to study the 
structure of the extracellular slime polysaccharide produced by mucoid strains of 
Iv 
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Escherichia coli x12, enzymes were obtained from phage-infected bacteria. The 
isolation, partiai purification and some properties of these enzymes are now described. 
A preliminary account of part of this work has already appeared (Sutherland & 
Wilkinson, 1964). 
METHODS 
Bacteria used. Aerobacter cloacae NCTC 5920 was obtained from the National 
Collection of Type Cultures, Colindale, London. Escherichia coli s23 is a gal-
auxotrophic mutant strain of x 12 and was received from Professor E. A. Adelberg 
(Department of Microbiology, Yale University) as strain AB 739. E. coli s53 was 
a highly mucoid variant of strain K12 obtained by Dr E. C. R. Reeve (Department 
of Animal Genetics, Edinburgh University) during screening of mutants for chioram-
phenicol resistance. E. coli S 53 c was isolated as a resistant variant of s53 during 
sensitivity tests with non-depolymerase-producing phages. E. coli s 17 was a mucoid 
strain obtained from Professor J. P. Duguid (Bacteriology Department, St Andrews 
University). 
Serological typing of these strains at the International Escherichia Centre (Statens 
Serum Institut, Copenhagen) showed that all were untypable with respect to 
0-antigens. Strain s53 showed cross-reaction with K30 antiserum and both s53 
and s23 showed 1148 flagellar antigens. Another strain x 12 derivative submitted 
at the same time had the antigenic formula 0102; (K30); 1148. The s17 strain 
could not be typed. 
Media. Bacteria were normally grown in nutrient broth or on nutrient agar. 
When maximal exopolysaccharide production was required, a nitrogen-deficient 
medium was used. It had the following composition (g./l. medium): yeast extract 
(Oxoid), 10; Casamino acids (Difco, technical), FO; Na 2HPO4, 100; K112PO4 , 
30; MgSO4 .71120, 02; K2S041  10; NaCl, FO; CaCl 2, 001; FeS0 41  0001. Glucose 
solution (20 %, w/v) was autoclaved separately at 120° for 15 mm. and added to 
the other components after sterilization to give a final concentration of 2 % (w/v). 
For bacteriophage production, this medium was used in liquid form in 200 ml. 
lots in 500 ml. Erlenmeyer flasks. The flasks were aerated by air passed into the 
medium through sterile Pasteur pipettes. For polysaccharide production the medium 
was solidified by adding 15 % (w/v) New Zealand agar and poured into enamel 
trays (40 x 30 cm.) as a thick layer. The trays were fitted with fairly loose aluminium 
covers and after uniform inoculation from a liquid culture of bacteria, they were 
incubated for 3-4 days at 30°. 
Bacteriophages. The strains and methods of isolation are described in the text. 
Viable counts. Viable counts of bacteria and bacteriophages were made by the 
method of Miles & Misra (1938). 
Total nitrogen was determined by the micro-Kjedahl technique. The ammonia 
produced was trapped in boric acid and estimated colorimetrièally with Nessler 
reagent. 
Phosphorus. The method of Fiske & SubbaRow (1925) was used. 
Pucose was determined on the unhydrolyzed polysaccharides by the method of 
Dische & Shettles (1948). 
Glucose and galactose were determined on samples after hydrolysis with N . H2SO4 
in sealed ampoules for 8 hr. The hydrolysates were neutralized with BaCO 3. Glucose 
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was determined with glucose oxidase reagent (Boehringer GmbH., Mannheim, 
Germany) and galactose with galactose dehydrogenase prepared from Pseudomonas 
saccharophila (Doudoroff, 1962). 
Uronic acid was determined on the unhydrolysed material by the method described 
by Bowness (1957). 
Paper chromatography of acid hydrolysates of polysaccharides was performed in 
n-butanol + glacial acetic acid + water (4+1+5, by vol.) or in the solvent system des-
cribed by Fischer & Dörfel (1955). Sugar spots were detected with alkaline silver 
nitrate or with aniline oxalate. 
Concentration of enzyme-containing solutions. Polyethyleneglycol (mol. wt. 6000) 
was used according to the method of Kohn (1959). 
Determination of enzyme activity. This was assayed on old cultures of Escherichia 
coli S 53 incubated at 30° for 48 hr on nitrogen-deficient medium and stored at 0' for 
at least 7 days before use. The enzyme preparation was diluted in a twofold series 
in NaCl containing phosphate buffer (0.01 is; pH 7.2). Drops from calibrated 
pipettes (0.02 ml.) were carefully placed on the culture surface. The plates were 
incubated for 2 hr at 37° and examined for dissolution of polysaccharide. After 
a further 16 hr at room temperature, the plates were again examined. The enzyme 
titre was taken to be the highest dilution which gave complete dissolution of the 
polysaccharide. On occasions a tube test with a 5 % (w/v) gel of purified polysac-
charide was made in the same manner. 
Preparation of antisera. The enzyme preparations used in obtaining antisera were 
high titre eluates from DEAE-cellulose columns. These were injected according to 
the method described by Adams (1959) for the preparation of phage antisera. The 
activity of the antisera in inhibiting enzyme action was determined by incubating 
mixtures of enzyme and suitably diluted serum at 37° for 20 mm., then titrating 
the mixture in the way described for the enzyme preparations. Controls containing 
normal rabbit serum were similarly treated. 
RESULTS 
The isolation of depolymerase-producing bacteriophages 
The source of all the phages isolated was untreated sewage from Edinburgh 
sewage works. To each 400 ml. sample was added 200 ml. sterile broth and 300 ml. 
chloroform. The mixture was then shaken vigorously for several minutes in a screw-
capped bottle and then allowed to stand for 3-4 hr at 00.  The clear upper layer was 
then used for bacteriophage isolation without further treatment. 
Nutrient broth cultures (10 ml.) of the potential host bacteria were incubated 
overnight and then diluted 1/10 with fresh sterile broth and incubated for 1-2 hr 
at 37°. To this culture was added 1 ml. of the sewage preparation and the mixture 
was incubated overnight at 37°. The culture was centrifuged briefly at low speed to 
remove most of the bacteria. The supernatant fluid was added to sterile 1 oz. screw-
capped vials and heated at 60° for 30 mm. to kill remaining host bacteria. A series 
of tenfold dilutions of this material in sterile saline were made and 0.1 ml. samples 
from each dilution spread over nutrient agar plates which had been flooded with a 
culture of host bacteria and allowed to dry. After incubation for 24 hr at 370,  the 
plates were examined. Where discrete plaques were visible, material representing 
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each plaque type was removed with a sterile needle and inoculated into 1-2 hr 
cultures prepared as above. These cultures were then treated in exactly the same 
way as the initial enrichment cultures. After sterilization at 600,  a series of dilutions 
was again prepared and material spread on agar plates seeded with bacteria. When, 
after incubation, only one plaque-type was observed, it was assumed that the phage 
culture was pure. Large amounts of phage for stock cultures were prepared either 
by the soft agar layer technique (Adams, 1959) or by growth in aerated flask cultures 
in nitrogen-limited medium. 
Host range of the isolated bacteriophages 
Phage preparations (0.1 ml.) containing 10 4 plaque-forming units (p.f.u.) were 
added to bacterial lawns and examined after incubation for 24 hr at 37° for confluent 
lysis of the bacteria. Sixt y strains of Escherichia coli and eight strains of Aerobacter 
cloacae were tested. Of the E. coli strains, 12 were derivatives of strain K12 and 
15 of the remainder were of known serotype. The other strains were obtained from 
Table 1. The host range of isolated bacteriophages for Escherichia coli 
and Aerobacter cloacae 
Bacterial susceptibility tested by observation of confluent lysis of strains of E. coli 
and A. cloacae grown on solid medium. 
Growth on 
E. coli A. cloacae 
strains strains 
Other 
Phage 	Original host s23 s53 s58c 	K12 Others 5920 Others 
Escherichia coli 
Fl 	 s53 + + + 	+ - 	± 	- 
F5,26,27 	853 + + + + - - - 
F6 	 s23 + + 
Aerobacter cloacae 
F12, 18, 14 	5920 - - - 	- - 	+ 	- 
+ = confluent lysis, - = no lysis, ± = variable. 
various sources and were selected primarily for ability to produce extracellular poly-
saccharide, as observed by mucoid growth and negative staining with Indian ink 
(Duguid, 1951). The A. cloacae strains were all obtained from the National Collection 
of Type Cultures, Colindale, London. Results of these experiments are shown in 
Table 1, for some of the phages isolated. All the phages isolated on E. coli hosts 
were specific for E. coli K 12 strains. They were avirulent for other strains and, with 
one exception, for A. cloacae. The results for phage F 1 were variable; although it 
frequently showed confluent lysis on A. cloacae 5920, and the numbers of p.f.u. 
increased when grown in liquid cultures of this organism, negative results were also 
obtained. The phages isolated on A. cloacae 5920 as host, all appeared to be specific 
for this strain and had no effect on the other strains of this species which were tested. 
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Detection of depolymerase production 
The production of plaques surrounded by a large halo when grown on mucoid 
bacterial strains is relatively common (Park, 1956). These haloes may be due to the 
production of exopolysaccharide depolymerase. Alternatively, Reiter & Oram 
(1963) suggested that they might be caused by the production of large amounts of 
phage-associated lysozyme. Initially we selected as possible depolymerase producers 
those phages which produced plaques surrounded by haloes. These comprised all 
the phages listed in Table 1, except phage F 6. To ensure that the haloes were indeed 
due to depolymerase and not to lysozyme, 11. volumes of nitrogen-deficient liquid 
medium were inoculated with host bacteria and each phage species grown in it. The 
bactcria were removed by centrifugation and the supernatant fluid dialysed against 
cold running tap water for 16 hr. Each preparation was then concentrated to about 
10 ml. and centrifuged at 10,000g to remove particulate material. The resultant 
supernatant fluids were then titrated for depolymerase activity. All the phages 
listed, except phage F6, produced enzyme in relatively large amounts. Several 
phages which did not produce babes, did not produce depolymerase; phage F6 was 
taken as a representative of such species when bacteriophages not producing 
enzyme were required. 
Isolation and partial purification of depolymerases 
Exopolysaccharide depolymerase preparations were obtained from each phage 
host system, by using phage-infected bacterial cultures grown either by the soft-
agar layer technique or from aerated liquid culture growing in nitrogen-limited 
medium. The latter method was preferable, since all the medium components could 
then be removed by dialysis. The whole cultures, after incubation for 8-16 hr at 37°, 
were centrifuged at 6000g in a refrigerated centrifuge; the deposit was discarded. 
The supernatant fluid was dialysed against cold tap water for 10 hr, then concen-
trated at 0-20 to about 5 % of the original volume. The concentrated material was 
dialysed against phosphate buffer (0.02 M; pH 7.2). Initial fractionation was done 
by adding saturated ammonium sulphate solution to give a series of fractions 
between 10 and 90% saturation, the precipitate at each stage being removed by 
centrifugation. In all the systems studied almost all the depolymerase-active 
material precipitated at 40-50 % saturation. This active material was dialysed 
against phosphate buffer (0.02 M; pH 7.2) and the dialysis residue then applied to 
a column of DEAE-cellulose (12 cm. x 1-4 cm.) equilibrated against the same phos-
phate buffer. A solution of buffer containing an increasing sodium chloride concen-
tration was passed through the column. The enzymically-active material from the 
phage F 1 and F5 systems, which were most extensively studied, was eluted at a 
sodium chloride concentration of about 01 Ai. These preparations, after concentra-
tion and dialysis against the 002 lu-phosphate, were used without further purification. 
Substrates for the enzyme(s) 
Crude preparations of the enzyme or enzymes from each phage host system 
liquefied the exopolysaccharide produced by the host bacterium. They showed equal 
activity against slime of the same chemical type from other bacteria. Thus depoly-
merases from the Eseherichia coli systems were active against Aerobacter cloacae 
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polysaccharide and conversely. The production of a common mucoid substance by 
several species of the Enterobacteriaceae has been suggested by several authors 
(Anderson & Rogers, 1963; Goebel, 1963). Thus the activity of the depolymerase 
preparations against polysaccharides from a range of bacteria was not unexpected 
and tends to support the views of these authors. 
Escherichia coli strain s53 produced very large amounts of extracellular slime, 
even when grown on nutrient agar at 370W  This production was very much enhanced 
by growth at lower incubation temperatures in nitrogen-limited media. Slime was 
prepared and purified by methods used previously for the slime polysaccharides of 
Kiebsiella aerogenes (Wilkinson, Dudman & Aspinall, 1955). By these methods, 
material was prepared from E. coli S 53, E. coli s17, and Aerobacter cloacae 5920. In 
each case, paper chromatography of acid hydrolysates showed the presence of 
glucose, galactose, fucose, glucuronic acid and glucuronolactone in the slimes. The 
Table 2. Composition of bacterial extracellular polysaccharides 
from Escherichia coli and Aerobacter cloacae 
Analyses performed on the purified slime polysaccharides isolated from cultures on 
nitrogen-deficient solid medium. 
E. coli strains*  A. cloacae 
s17 s53 x12 capsule* 5920 5920t 
Composition (%) 
Fucose 312 328 327 280 283 
Glucose 19.5 196 163 160 170 
Galactose 260 254 330 275 260 
Glucuronic acid 205 180 179 138 22•0 
Nitrogen 09 09 0 09 03 
Phosphorus 02 03 0 02 02 
* Results of Sapelli & Goebel (1964). t Results of Dudman & Wilkinson (1956). 
composition of the polysaccharides, after correction for a water content of 15-20 %, 
is shown in Table 2, with earlier results for A. cloacae 5920 (Dudman & Wilkinson, 
1956) and for the composition of polysaccharide obtained from a capsular variant 
of E. coli K12 (Sapelli & Goebel, 1964). It should be emphasized that although E. 
coli strain s53, in our hands, normally produced only slime material, occasional 
capsulate forms were observed during culture. The selection of such variants was 
by using phage F6, which by virtue of its inability to produce depolymerase, was 
unable to penetrate and lyse capsulate bacteria. The capsular material from E. coli 
strain s53c had the same sugar components as the slime polysaccharide when 
examined by hydrolysis and paper chromatography; a detailed analysis was not 
made. It can be seen from Table 2 that the compositions of the different prepara-
tions were very similar, the greatest difference was in the uronic acid content. How-
ever, the methods used for this analysis differed and are probably less satisfactory 
than those used for estimation of the other sugars. Further evidence of the similari-
ties between the slime polysaccharides of E. coli strain s53 and A. cloacae 5920 has 
been obtained by a study of the oligosaccharides produced by partial acid hydrolysis 
(I. W. Sutherland, unpublished results). 
Exopolysaccharide depolymerases 	 379 
Effect of depolymerase of phages El and F5 on the substrates 
Partially purified depolymerases from the phage Fl and F 5 systems were incu-
bated with substrate preparations dissolved in 002 1%t-phosphate buffer (pH 7.2) 
for up to 96 hr at 87°. The most noticeable effect was a decrease in the viscosity of the 
polysaccharide solution; this was also observed when crude enzyme preparations 
from other depolymerase-producing phages were used. Examination of the products 
of enzyme action showed that there was no marked increase in the reducing value 
of the polysaccharide preparation, so that there was apparently no liberation of 
reducing sugars or oligosaccharides. This was confirmed by the absence of any 
detectable diffusate products or dialysis products. Paper electrophoresis and paper 
chromatography also did not show any products of low molecular weight. After 
enzymic treatment, two fractions were obtained by ethanol or acetone precipitation. 
About 75 % of the weight of the original polysaccharide was precipitated by the 
addition of an equal volume of cold acetone to the solution. The remaining material 
stayed in solution, was not precipitated by the addition of a further two volumes of 
acetone; it was obtained as a viscous syrup by per-vaporation and freeze-dried. 
Chemical analysis did not show any marked differences in the chemical composition 
of these fractions from that of the original polysaccharide, although when the 
acetone-soluble fraction was subjected to partial acid hydrolysis there appeared to 
be a difference in the pattern of oligosaccharides obtained. The phage enzymes 
showed no activity against several partially characterized oligosaccharides isolated 
from partial acid hydrolysates of the polysaccharide. The enzymes were inactive 
against the slime polysaccharide produced by Kiebsiella aerogenes type 54, which is 
known to contain glucose, fucose and glucuronic acid (Wilkinson et al. 1955). 
Conversely, depolymerases active against this substrate were inactive against 
Escherichia coli K12 polysaccharide (5. M. Macgregor and J. F. Wilkinson, un-
published results). The depolymerases thus show a substrate specificity. Whether 
this depends on the presence of certain repeating units in the polysaccharide sub-
strate must await structural studies on the substrates. 
It is of interest that the depolymerase specificity was not necessarily correlated to 
the phage specificity. Thus enzymes from Aerobacter cloacae + phage systems were 
active against the Escherichia coli polysaccharide and conversely. The depoly-
merases were also active against the polysaccharide produced by E. coli s 17, a strain 
in which none of the phages was capable of multiplication. 
The effect of the host bacterium on enzyme production 
In the case of all the depolymerase-producing phages except F 1, growth in a sus-
ceptible bacterium was accompanied by enzyme production. Phage Fl, when 
grown on Escherichia coli strain S 53 (slime-producing), produced depolymerase, 
which was also detected following its growth in Aerobacter cloacae 5920. However 
when phage Fl was grown in E. coli strain s23, a non-mucoid K12 derivative, no 
depolymerase was detected. This suggested that in the phage F 1+ bacterial host 
system, the depolymerase was induced by the presence of the substrate, i.e. the 
slime polysaccharide. When purified polysaccharide from E. coli strain s 53 was 
sterilized as a 1 % (w/v) solution at 100° for 90 mm. and added to culture medium 
to a final concentration of 05 % (w/v), growth of E. coli strain s 23 in this medium, 
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followed by infection with phage F 1, led to depolymerase production. however, the 
quantity of enzyme was less than that obtained from comparable culture in E. coli 
strain S 53. Addition of the acetone-soluble product of enzyme action to the medium 
followed by bacterial and phage culture, did not lead to depolymerase production. 
Attempts to show depolymerase production in the absence of phage infection were 
unsuccessful. Thus, ultrasonic treatment of bacteria taken at different stages of 
growth never gave preparations which caused dissolution of slime polysaccharide. 
The effect of depolymerase on bacterial infection 
Since the substrates for the phage depolymerase enzymes are normally slime poly-
saccharides, i.e. do not occlude the bacterial surface, it was not at first possible to 
determine the effect of the enzymes on infection of bacteria by phage. However, 
a capsulate variant of Escherichia coli S 53, designated S 53 c, was obtained. This 
variant was resistant to phages such as F 6 which did not produce depolymerase. It 
was susceptible to all the coliphages which produced depolymerase. Titration of the 
phages on susceptible hosts showed that where the phage system resulted in depoly-
merase production, the phage titres obtained on slime- or capsule-forming host 
bacteria and on non-mucoid bacteria were very similar. No plaques were observed 
following addition of non-depolymerase-producing phages to capsulate host bacteria. 
It is probable that small amounts of depolymerase, sufficient to permit entry to 
capsulate bacteria, were present in close association with the phage particles. This 
is implied from the observation that many phage preparations which contained no 
detectable enzyme, as determined by titration, were still able to multiply in cultures 
of E. coli s53c. 
It was also found that the purified depolymerase of phages F 1 or F 5 had little or 
no effect on bacterial viability. To a culture of susceptible bacteria in broth was 
added 0.1 ml. of purified enzyme preparation with a titre of 256/mi. Samples were 
withdrawn after various periods of incubation at 37° and bacterial counts made. 
As a check on the sterility of the enzyme preparations, phage titrations were also 
made but no plaques were observed. Counts of bacterial colonies from the cultures 
to which depolymerase had been added differed little from control cultures without 
added enzyme. 
Antisera to depolymerase and to host bacteria 
In an attempt to determine whether the production of depolymerase was con-
trolled by the bacterial or the bacteriophage genome, the effect of antisera on 
purified depolymerase preparations of phages F 1 and F 5 was examined. The 
addition of homologous antiserum resulted in complete inhibition of depolymerase 
activity but antiserum to phage F 1 enzyme did not inhibit phage F 5 depolymerase 
and conversely. Antisera to Escherichia coli s 53 and to other E. coli strains did not 
inhibit any of the phage depolymerases. This would seem to indicate that production 
of the depolymerases is controlled by the phage genome. In gel diffusion tests in 
agar, a line of precipitation was obtained between the depolymerase preparation 
and homologous antiserum, but not with antisera to the host bacteria. 
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Other properties of the depolynwrases 
Ultracentrifugation of purified depolymerase preparations for prolonged periods 
at 100,000g in a Spinco model L preparative ultracentrifuge resulted in no deposi-
tion of enzymically active material. Sterilization by filtration through Oxoid 
membranes resulted in little loss of activity. 
A depolymerase isolated by Adams & Park (1956) from phage-Klebsiella aerogenes 
systems was notable for the fact that the enzyme was more heat stable than was the 
phage with which it was associated; 10 % of the enzyme activity remained after 
exposure to 700  for 30 mm. In our enzyme systems, all measurable activity was 
destroyed after 5 mm. at 70°. During the same time, the phage titre on a non-
mucoid bacterial host decreased from 1-8 x 10 8 to 2'0 x 10. It continued to decrease 
thereafter until no viable phage was detectable after 45 mm. at 70°. At 65°, the 
enzymes were also rapidly inactivated and although the phage titre was decreased 
there was still considerable phage activity remaining after 60 mm. The results of 
a typical experiment with phage F1 titrated on Eseherichia coli s23 are shown in 
Table 3. Exposure of the phage enzymes to pH values above 75 and below 60 also 
resulted in rapid loss of activity. For this reason, all heat inactivation experiments 
were done in 005 M-phosphate buffer (pH 7.0). 
Table 3. The effect of heating at 65° on Fl phage and depolymerase titre 
Samples of phage (5 ml.) held in tubes in a water bath at 65 ° and samples (0.1 ml.) 
withdrawn at intervals and titrated on bacterial lawns on nutrient agar and old mucoid 
lawns on nitrogen-deficient medium respectively. 
Time (mm.) 	Phage titre p.f.u. 	Depolymerase titre 
0 	 62x10" 	 32 
15 59 x 1010 4 
30 	 90 x 109 	 0-2 
45 50x10° 0 
60 	 43x10° 	 0 
DISCUSSION 
A number of exopolysaccharide depolymerases produced by phages in association 
with bacteria are now known. While some properties may be common to all such 
systems, there are also marked differences. Thus, Adams & Park (1956) reported 
that a depolymerase for Kiebsiella pneumoniae polysaccharide was produced in all 
susceptible hosts. Although we obtained similar results for most of the Escherichia 
coli phages isolated, there was one exception. The results with E. coli K 12 + bacterio-
phage Fl system indicated that this depolymerase is probably inducible, the 
presence of the substrate polysaccharide being required for enzyme production. 
This phage F 1 differed in that the other depolymerase-producing phages isolated 
by us caused enzyme production in mucoid and in non-mucoid bacterial hosts. 
The inducibility of the F 1 enzyme is of interest in deducing a role for the depoly -
merase. Unlike the Klebsiellapneumo'niae or Azotobacter systems studied by Adams 
& Park (1956) and Eklund & Wyss (1962), respectively, the Escherichia coti strains 
used in the present study were slime-producing but non-capsulate. The bacterial 
surface of such organisms is not occluded by polysaccharide and the presence of 
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polysaccharide-decomposing enzyme would not be essential to enable a phage 
particle to reach and absorb to the bacterial surface. However, the presence of 
large aggregates of slime might be a sufficient hindrance to prevent many of the 
phage particles from reaching and infecting their hosts. The presence of a depoly-
merase would therefore confer an advantage on such phages, in that they would 
disperse the protecting polysaccharide and reach the bacterial surface. 
Adams & Park (1956) found that the depolymerase for Kiebsiella pneumoniae 
polysaccharide was in two forms. One of these was a freely diffusable protein, while 
the second was attached to or firmly associated with the phage particles. Our 
methods were not sufficiently sensitive to permit detection of the second form. Its 
presence would seem likely from the observation that phage preparations with no 
detectable enzyme were nevertheless able to infect capsulate Escherichia coli organi-
isms. Thus infection of a few bacteria, followed by lysis and release of free depoly-
merase, might allow the second generation of phage particles to infect a high propor-
tion of the remaining bacteria. 
The question arises as to whether the structure of the depolymerase is determined 
by the bacterial genome or by a structural gene of the phage. Since attempts to 
obtain depolymerase from the uninfected host bacteria were unsuccessful, it would 
seem that the production of the enzyme requires the presence of host bacteria and 
phage. Further, the hypothesis that the effect of phage was merely to enhance the 
production of an existing bacterial enzyme would appear to be discounted by the 
serological evidence. The enzymes were only inhibited by homologous antiserum 
and not by antisera to other depolymerases or to the host bacteria. In other words, 
the antigenic specificity of the depolymerase was determined by the nature of the 
phage rather than the host. 
The mode of action of the depolymerases remains obscure. The lack of diffusible 
products following enzyme action, together with the very marked decrease in 
viscosity, would suggest that some internal linkage is broken, although the products 
of this cleavage must still be relatively large. The linkage may be one which is acid-
stable, since enzymic hydrolysis followed by partial acid hydrolysis of the poly-
saccharides showed a much more complex pattern of oligosaccharides than did acid 
hydrolysis alone (I. W. Sutherland, unpublished results). The depolymerase for 
Kiebsiella pneumoniae polysaccharide was found by Adams & Park (1956) to yield 
no detectable small molecular weight products after hydrolysis, nor did it cause an 
increase in the reducing value of the polysaccharide preparation. Further, the 
hydrolysis products retained their serological specificity, indicating that the end-
group sugars were probably unaffected by the enzyme. 
The relative insensitivity of methods of depolymerase assay used prevent a 
thorough study of the kinetics of enzyme formation following phage infection of 
the bacteria. Such studies must await elucidation of the substrate structure and the 
development of improved assay methods. The substrate of these depolymerases is 
of interest in that it appears to be produced by Escherichia coli strains and also by 
certain other species of the Enterobacteriaceae. This confirms the suggestions of 
several workers that different members of the Enterobacteriaceae may produce 
mucoid material of similar if not identical composition. These substances have been 
termed M antigens (Orskov, Orskov, Jann & Jann, 1963) or colanic acid (Goebel, 1963). 
The E. coli polysaccharide can be produced either as a capsule or as free slime. There 
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was no detectable difference in the capsular and slime polysaccharides, confirming 
the results previously obtained using Kiebsiella aerogenes type 54 (Dudman & 
Wilkinson, 1955). 
The authors wish to thank Miss Jane Evans, Mr J. Fitchie and Mr J. D. Caird 
for their technical assistance. 
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Several strains of bacteriophage have been isolated that induce the formation of 
a polysaccharide hydrolase after infection of Kiehsie,ila aero genes type 54 [A3 (81)1. 
The action of this enzyme on polysaccharide solutions was to decrease their viscosity 
and increase their reducing value. These effects were associated with the release of 
two oligosaccharides (01 and 02) from the polysaccharide. These two substances 
are not identical with any of the four oligosaccharides isolated from autohydro-
lysates. The two enzymically isolated fractions have been tentatively identified as 
tetrasaccharides, and oligosaccharide 02 is probably an acetylated version of 
oligosaccharide 01. This latter oligosaccharide differs in some way, still unknown, 
from the tetrasaccharide cellobiosyiglucuronosylfucose found in acid hydrolysates 
of the slime polysaccharide. The enzyme is limited in its activity to the poly -
saccharide excreted by the A3 strain of K. aero genes type 54 or by similar strains. 
It is also active on the polysaccharides altered by acid or alkaline treatment. The 
enzyme has optimum activity at p116-5. A study of the products released by 
enzyme action has shown it to be a fucosidase splitting the fucosylglucose linkages 
found in the intact polysaccharide. 
The production of enzymes active against capsular 
polysaccharides is known to be a feature of phage-
infected cells of encapsulated bacterial species. 
Such enzymes may either break down the capsule to 
permit egress of the mature phage particles, or they 
may help in the dissolution of the capsules of fresh 
host cells, thus allowing further phage multipli-
cation. Several such systems have been examined, 
e.g. the phage—Klebsiella pneumoniae B system 
(Adams & Park, 1956) and the phage—Azoto-
bacter vinelandii system (Eklund & Wyss, 1962). 
Sutherland & Wilkinson (1965) reported the results 
of studies on the production and mode of action 
of enzymes on colanic acid after viral infection of 
Escherichia coli K12 and Aerobacter cloacae cells. 
A feature of all these studies was that, although 
marked decrease in the viscosity of the bacterial 
polysaccharide solutions occurred, no small-molec-
ular-weight products such as oligosaccharides were 
isolated. Thus the actual mode of action of these 
enzymes remains obscure. 
The strain of Klebsiella aerogenes type 54 [A3 (Sl)] 
produces a slime polysaccharide containing the 
sugars glucose, fucose and glucuronic acid 
(Wilkinson, Dudman & Aspinall, 1955). The cap-
sular strain from which the A3 variant was derived 
contained the same sugars in the same proportions 
as in the slime. Studies on the structure of these  
polysaccharides initially suggested that they were 
extremely complex branched polymers (Aspinall, 
Jamieson & Wilkinson, 1956). However, re-exami-
nation of the slime polysaccharide excreted by 
K. aero genes A3 (Sl) indicates that the structure is 
relatively simple, consisting essentially of a polymer 
of a four-sugar repeating unit (Sandford & Conrad, 
1966; Conrad, Bamburg, Epley & Kindt, 1966). 
The present paper reports the isolation of bac-
teriophage-induced enzymes hydrolysing the K. 
aero genes A3 polysaccharide to recognizable oligo-
saccharides and provides supporting evidence for 
the simplified structure proposed by Conrad and 
his co-workers. A preliminary account of this work 
has been presented (Sutherland, 1966). 
MATERIALS AND METHODS 
Bacteria and bacteriophages. K. aerogenes strains Al, A3 
and A3 (SI), all of serotype 54 and producing polysaccharides 
of the same chemotype, were those used by Dudman & 
Wilkinson (1956). They were maintained on nutrient agar 
slopes in screw-capped vials. 
Phages F31, F32, F35, F37 and P38 were isolated inde-
pendently from sewage, and phages P33, P34 and F36 were 
isolated from soil, leaf mould and pig faeces respectively. 
The methods of isolation and of production of stock cultures 
and of enzymes were those used for B. coU bacteriophages 
by Sutherland & Wilkinson (1965). The enzymes were pre-
pared from phage-infected cultures of either K. aerogenes 
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A3 or A3 (Si). A partial purification was achieved by 
precipitation with (N114)2SO4. The precipitate obtained at 
40-50% saturation contained all the depolymerase activity. 
This was used as 'enzyme' after removal of (N114)2SO4 by 
dialysis against 0.02m-phosphate buffer, pH72. 
Production of bacterial polysaccharides. The strains of 
Kiebsiella differed in that strains Al and A3 produced both 
capsules and slime whereas strain A3 (Sl) produced slime 
only. The polysaccharides were prepared from bacterial 
cultures grown on trays of solid medium (Sutherland & 
Wilkinson, 1965). The polysaccharides were isolated and 
purified as described by Dudman & Wilkinson (1956). 
Analytical methods. D-Glucose was determined by a 
micro-adaptation of the glucose-oxidase (.n-glucose--
oxygen oxidoreductase, £0 1.1.3.4) reaction with a com-
mercial enzyme preparation (C. F. Boehringer und Soehne 
G.m.b.h., Mannheim, Germany). Fucose and glucuronic 
acid were determined by micro-adaptations of the methods 
of Dische & Shettles (1948) and of Bowness (1957) respec-
tively. a-Glucosidase ((X-D-glucoside glucohydrolase, EC 
3.2.1.20) was prepared from yeast by the method of Robbins 
& Uchida (1962). .G1uccsidase (-D-glucoside glucohydro-
lase, EC 3.2.1.21) and cellulase (-1,4-g1ucan glucano-
hydrolase, EC 3.2.1.4) were purchased from Koch-Light 
Laboratories Ltd. (Colnbrook, Bucks.) and -glucuronidase 
($.u-glucuronide glucuronohydrolase, EC 3.2.1.3 1) was from 
British Drug Houses Ltd. (Poole, Dorset). 
Paper electrophoresis. The buffer used contained pyridine-
acetic acid-water (5:2:43, by vol.). For preparative pur-
poses sheets of Whatman 3MM paper (77 cm. x 20 cm.) were 
used, and Whatman no. 1 paper was used for comparative 
runs, for desalting or for removal of enzyme proteins. 
Separation of charged oligosaccharides was accomplished 
by using 80-lOOmA for 4-5hr., and removal of salts or 
protein was complete in 30-40 min. All electrophoresis was 
performed on a Locarte high-voltage paper-electrophoresis 
equipment. 
Paper chromatography. The systems used for descending 
paper chromatography on Whatman no. 1 paper were: 
A, butan-1-ol-pyridine-water (6:4:3, by vol.) (Whistler 
& Conrad, 1954); B, ethyl acetate-acetic acid-pyridine-
water (5:1:5:3, by vol.) (Fischer & Dorfel, 1955); C, ethyl 
acetate-acetic acid-formic acid-water (18:3:1:4, by vol.) 
(Feather & Whistler, 1962); D, butan-1-ol-acetic acid-
water (4:1:5, by vol.) (Partridge, 1946). The irrigation 
times were 48hr., 20hr., 24hr. and 120hr. respectively. 
Sugars and oligosaccharides were detected with alkaline 
AgNO3 reagent (Trevelyan, Procter & Harrison, 1950). 
Borohydride reduction. This was used to ascertain the 
reducing end-group sugars. To each test tube (75 mm. x 
10 mm.) were added at 0°: 51Ll. of oligosaccharide solution 
(approx. 05 mole), 50l. of water and 10al. of 2.28% (w/v) 
NaBH4 in 0'01 N-KOH. The tubes were stoppered and left 
12hr. in the dark at room temperature. Excess of boro-
hydride was destroyed by the addition of 10l. of 20w-
acetic acid and salts were removed by electrophoresis before 
hydrolysis and analysis. 
Hydrolysis was performed with 2N-H2504 for 4-20 hr. in 
sealed tubes and was followed by neutralization with 
Amberlite IRA-410 (HCO3- form) resin or with saturated 
Ba(OH)2 solution. For all the microchemical and enzymic 
work, constriction pipettes (H. E. Pedersen, Copenhagen, 
Denmark) were used. All glassware was thoroughly cleaned 
with pure 11NO3 and glass-distilled water. 
Determination of enzyme activity. Two methods were 
used. (i) Twofold dilutions of the enzyme were added as 
002ml. drops to the surface of 7-day-old cultures of 
K. aerogenes A3 (Sl) in the same manner as was used with 
the phage-E. coli system by Sutherland & Wilkinson (1965). 
(ii) Alternatively, the decrease in viscosity of a polysac-
charide solution (0.1%, w/v) was measured in an Ostwald 
viscometer as described in the text. 
Buffers. Except where otherwise stated, phosphate 
buffers (005M) were prepared from KH2PO 4 and Na2HPO4 
of A.R. grade. 
RESULTS 
Exopolysaccharide elaborated by K. aerogenes 
A3 (Si). The polysaccharide excreted as a slime into 
the culture medium by the cells of K. aero genes 
A3 (Si) was isolated and purified as described above. 
The product resembled that described by Dudman & 
Wilkinson (1956) and by Sandford & Conrad (1966). 
Samples hydrolysed with 2N-sulphuric acid in 
sealed tubes at 100° for 12hr., followed by neutrali-
zation and chromatography in solvent B, showed 
the presence of fucose, glucose, glucuronic acid and 
glucuronolactone. The presence of glucose in the 
B form was confirmed by tests with glucose oxidase. 
Some of the polysaccharide (1-0g.) was dissolved in 
distilled water and converted into the free acid form 
by passage through an ion-exchange resin, Amber-
lite IR-120 (H+ form). It was then allowed to 
autohydrolyse in tightly stoppered tubes at 1000 
for 16 hr. Examination of the autohydrolysate by 
paper electrophoresis and by paper chromato-
graphy in solvents B, C and D showed the presence 
of neutral material together with three charged 
fractions. Preparative separation was achieved by 
paper electrophoresis. This yielded the pure charged 
fractions. The neutral material was separated into 
two components by chromatography in solvent A. 
Characterization of the fractions obtained by auto-
hydrolysis. In solvent A, the neutral material was 
resolved into free glucose and an oligosaccharide 
(Ni). No free fucose was observed. Hydrolysates 
of oligosaccharide Ni, when neutralized and 
chromatographed in solvent B, revealed glucose as 
the sole constituent sugar. On treatment with 
borohydride 50% of the glucose was reduced. The 
enzyme fl-glucosidase caused complete hydrolysis 
of oligosaccharide Ni to glucose, but -glucosidase 
was inactive. On paper chromatography in solvents 
A, B and C, oligosaccharide Ni moved at the same 
rate as an authentic sample of cellobiose. As further 
confirmation of its identity with cellobiose, paper 
electrophoresis in 0-05M-borate buffer, pH 85, at 
120mA for 4hr. was used. Again oligosaccharide Ni 
and cellobiose moved at the same rate. From these 
results it was concluded that oligosaccharide Ni was 
0-fl-B -glucopyranosyl- (1 -*4)-D-glucopyranose. 
All three charged fractions moved more slowly in 
paper electrophoresis than did glucuronic acid. 
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They were named El, E2 and E3 in order of increas-
ing mobility. 
Fraction E3. Paper chromatography of hydro-
lysates of this fraction in solvent B revealed the 
presence of fucose and glucuronic acid in approxi-
mately equal amounts. This was confirmed by 
analysis. Treatment with borohydride reduced all 
the fucose to fucitol. The enzyme fl-glucuronidase 
liberated 28% of the available glucuronic acid. 
Attempts to increase the amount of enzymic 
hydrolysis were unsuccessful. As no x-linked 
glucuronides were available for comparison it was 
not possible to determine whether the enzyme 
preparation might contain some contaminating 
x-giucuronidase. However, it seems probable that 
fraction E3 is a disaccharide, O.fl.n-glucuronosyl. 
fucose. 
Fraction E2. This oligosaccharide contained 
equimolar proportions of fucose, glucose and glucu. 
ronic acid. The terminal reducing sugar, as deter-
mined by borohydride reduction, was fucose. 
Hydrolysis with N-sulphuric acid for 15 min. at 1000 
liberated very small amounts of fucose and glucu-
ronic acid, together with glucose and disaccharide 
E3. It thus seems probable that fraction E2 is 
the trisaccharide D -glucopyranosylglucuronosyl-
fucose. No free glucuronic acid was liberated on 
treatment with fl.glucuronidase, nor has a-gluco-
sidase or fl-glucosidase any effect. The only clue to 
the nature of the glucosyl linkage was obtained 
from the use of a cellulase preparation. This was 
known to be contaminated with one or more 
fl.glucosidases. Treatment of trisaccharide E2 
with these enzymes did yield small amounts of 
disaccharide E3 along with some free glucose. It is 
therefore probable that the glucose is fl-linked to 
the glucuronic acid. 
Fraction El. The slowest-moving oligosaccharide 
obtained on autohydrolysis contained glucose, 
fucose and glucuronic acid in the molar proportions 
2:1:1. Borohydride treatment led to reduction of 
all the fucose. No hydrolysis was obtained with 
-glucosidase, -glucosidase or fl-glucuronidase. 
Treatment with cellulase led to liberation of 54% 
of the available glucose. Hydrolysis with N-sul-
phuric acid at 1000  for 15 min. yielded the free sugars 
comprising the oligosaccharide, together with 
cellobiose, trisaccharide E2 and disaccharide E3. 
From these results it would seem that oligosac-
eharide El is a cellobiosyl derivative of disaccharide 
E3, i.e. O--D-glucopyranosyl. ( 1--4)-D-glucosyl. 
glucuronosylfucose. 
The yields of these oligosaccharides together with 
their properties are shown in Table 1. A comparison 
of the oligosaccharides obtained on mild acid 
hydrolysis by Conrad et al. (1966) showed them to be 
identical in all respects when tested with those from 
autohydrolysis. The oligosaccharides obtained by 
autohydrolysis indicate that the polysaccharide of 
K. aero genes A3 (SI) is a relatively simple structure 
constructed of a four-sugar repeating unit, a polymer 
of tetrasaccharide El. 
Specificity of phage enzymes. The phage-induced 
enzymes from cultures of K. aero genes were unlike 
the B. coli—phage Fl system reported by Sutherland 
& Wilkinson (1965) as no substrate-controlled 
induction was observed. The enzymes could also be 
obtained after growth of bacteriophage on non-exo-
polysaccharide-producing mutants of K. aero genes 
A3. As judged by the dissolution of polysaccharide 
on old lawns of bacteria, or by decrease in the vis-
cosity of 1% (w/v) polysaccharide solutions, the 
enzymes exhibited a high degree of specificity. 
Activity was only detected against the polysac-
charides produced by K. aerogenes A3 (capsule), 
K. aero genes A3 (SI) (slime) and K. aerogenes strain 
K66. This last strain, obtained from Dr N. Datta 
(Lister Institute, London), appeared to be identical 
with strain A3 with respect to its capsular poly-
saccharide and to its lipopolysaccharide (Sutherland 
& Wilkinson, 1966). As it shows the same phage-
sensitivity as does strain A3 (D. G. McPhee, un-
published work) it would seem that the two strains 
are in fact identical. No activity was detected when 
Table 1. Properties of oligosaccharides isolated from autohydrolysates of slime polysaccharide 
GIcUA, Glucuronic acid; Fuc, fucose; MG CUA, electrophoretic mobility relative to glucuronic acid. 
Yield 
	
(1imoles/g. of 	 Molar 	 R(;ic  in solvent 	Hydrolysis (%) by 
Oligo. polysaccharide Component 	propor- - 
saccharide hydrolysed) 	sugars tions 	 A 	B 	C 	D 	p-Gluco- fl-Glucu- 
sidase 	ronidase 
NI 	37 	 GIc 	2 	- 	068 091 034 	- 	100 - 
El 07 GIc, GIcUA, Fuc 2:1:1 037 - 	- 	0•08 002 55* 	0 
E2 	1-9 	Glc, GIcUA, Fuc 1:1:1 
	
0'51 	- - 031 	025 	11* 0 
E3 52 G1cUA, Fuc 	1:1 068 - 	- 	067 027 - 	28 
* Cellulase preparations gave hydrolysis, but commercial fl-glucosidase (emulsin) was inactive. 
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the enzymes were tested against the oligosaccharides 
isolated from autohycirolysates or capsular or slime 
polysaccharides produced by several other K. 
aero genes strains, by Aerobacter cloacae N.C.T.C. 
5920 or by E. coli strains. These results were of 
particular interest because the strains of K. aero-
genes tested included Al. Analysis of the K. 
aerogenes Al polysaccharide had shown a compo-
sition almost identical with that of K. aero genes A3 
polysaccharide (Dudman & Wilkinson, 1956). Both 
substances contained 9-10% of fucose, 47-48% of 
glucose and 29-30% of glucuronic acid. The resis-
tance of the K. aero genes Al polysaccharide to 
enzymic hydrolysis led us to compare partial acid 
hydrolysates with those obtained from K. aero genes 
A3 capsular or slime material: considerable differ-
ences were found (S. B. B. Gould & I. W. Sutherland, 
unpublished work). Thus it is apparent that the 
similarities in gross composition shown by these two 
polysaccharides are not reflected in their structure. 
However, the K. aero genes A3 polysaccharide has 
recently been reanalysed by Sandford & Conrad 
(1966) with different methods from the earlier 
workers: the results obtained, indicating fucose: 
glucose: glucuronic acid molar proportions 1:2:1, 
cast doubt on the values reported by Dudman & 
Wilkinson (1956). 
It is probable that, despite their independent 
isolation, all eight bacteriophages are very similar. 
This seemed likely from the fact that each enzyme 
preparation from phage-infected cells produced the 
same oligosaccharides from the K. aerogenes A3 
polysaccharide as substrate. Further evidence con-
firming this was obtained from antiserum-inhibition 
studies. An antiserum against a preparation of 
phage F31 enzyme was used. The antiserum (0.1 ml.) 
was incubated at 37 ° for 30mm. with a phage-
enzyme preparation of titre 1:128. The mixture 
was then titrated for enzyme activity in the normal 
way. In all eight preparations the enzyme was 
completely inhibited by antiserum to phago F31 
enzyme. The same result was obtained with anti-
sera to the other enzyme preparations. Similarly 
phage adsorption and multiplication was inhibited 
by antisera to any one of the bacteriophages. 
Despite these similarities some differences were 
found; thus bacterial mutants resistant to certain 
of the phages were susceptible to others. Also, 
polysaccharide hydrolysed by one of the phage 
enzymes could be hydrolysed further by enzyme 
from another phage (see below). 
Effect of phage enzymes on the bacterial poly-
saccharide. Preliminary experiments showed that 
incubation of polysaccharide solutions with the 
phage enzymes resulted in: (i) an increase in the 
reducing value; (ii) a decrease in the viscosity. 
The reducing value of an aqueous solution of the 








20 	 30 
Time (hr.) 
Fig. 1. Liberation of reducing material by different poly-
saccharide hydrolases. A solution of polysaccharide 
(5mg./ml.) was incubated with phage F32 enzyme (20units/ 
ml.) at 37°, and samples were withdrawn and reducing sugar 
was measured by the method of Somogyi (1945). After 
24hr., the sample was divided into three portions: •, no 
further additions; A, phage F32 enzyme (10units/ml.) 
added; U, phage F31 enzyme (10units/ml.) added. 
estimated by the method of Somogyi (1945). 
However, addition of any one of the phage enzymes 
led to a fairly rapid increase in reducing value, 
reaching a maximum after about 24 hr. incubation at 
30°. The system used involved the addition of 1 ml. 
of enzyme of titre 1: 64 to 20m1. of polysaccharide 
solution. Samples were withdrawn at intervals and 
their reducing values determined. The results of a 
typical experiment are shown in Fig. 1, where the 
enzyme used was obtained from cells infected with 
phage F32. Similar results were obtained with each 
of the eight enzymes. The addition of further 
homologous enzyme did not lead to any further 
increase in the final reducing value. On the other 
hand, addition of a heterologous enzyme did cause a 
further release of reducing material. The results of 
an experiment where enzymic digestion with phage 
F32 enzyme was followed by addition of phage F31 
enzyme are shown in Fig. 1. It is difficult to under-
stand why, if the enzymes from different phage 
preparations are as similar as the antiserum-
inhibition results indicate, further reducing sugar is 
liberated by heterologous enzyme. 
The activity of phage enzymes could also be 
measured by following the decrease in viscosity of a 
solution of the substrate. A viscometer was used 
in which 75ml. of water took 60 sec. to flow 
through at 37°. A solution of polysaccharide in 
005M-phosphate buffer of the appropriate pH was 
used. Normally 5m1. of solution containing a total 
of 1-5 mg. of polysaccharide was used. The enzyme 
solution to be tested (2.5rnl.) was then warmed to 
37°, mixed with the polysaccharide solution in the 
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polysaccharide concentration was thus 1 mg./ml. 
Readings were continued until the flow time was 
decreased by 50%. 
The results for increasing enzyme concentration 
are shown in Fig. 2, and those for increasing tem-
perature are shown in Fig. 3. It can be seen that 
there is a rapid decrease in viscosity with increasing 
enzyme concentration, leading to a flattening out 
of the curve. At enzyme concentrations higher than 
Relative concn. of enzyme 
Fig. 2. Effect ofpolysaccharide-hydrolase concentration on 
the viscosity of a polysaccharide solution. The mixture of 
enzyme and polysaccharide (1 mg./ml.) was incubated at 37° 
and pH 65. The time taken for a halving of the viscosity 
was determined. 
80 units/mi. the decrease in viscosity was so rapid 
that no meaningful results could be obtained. This 
was also observed when the enzyme reaction was 
followed at temperatures above 55°. 
In a similar series of experiments, the pH-
dependence of the enzymes was measured. The 
results shown in Fig. 4 clearly indicate the limited 
range of pH values over which the enzyme proteins 
retain their activity. This range was pH 5-0-80 
with an optimum at pH 6-5, a value chosen for all 
other determinations of enzyme activity and for 
experiments involving these enzymes. All the 
enzyme preparations were similar with regard to 
the effects of pH and of temperature on their 
activity. 
Preparation of enzymic digests of polysaccharide 
and examination of the products. Although the 
results quoted here were obtained with the slime 
polysaccharide, exactly similar results were found 
with capsular polysaccharide from the parent 
bacterial strain K. aero genes A3. However, the 
easier isolation and purification of the slime led to 
its use. An aqueous 1% (w/v) solution was prepared 
and 2m1. of partially purified enzyme solution was 
added/lOOml. The mixture was stirred gently at 
30° for 36hr. It was then transferred to a dialysis 
sac and each lOOml. was dialysed against 500m1. of 
distilled water at 0° for 72 hr. This was repeated 
with fresh distilled water. The two batches of water 
containing diffusible material were pooled and 
concentrated under reduced pressure until a thick 
syrup was obtained. The residual material within 
the dialysis sac was precipitated with cold acetone 
in the same manner as was the original polysac- 
Fig. 3. Effect of temperature on polysaccharide-hyd.rolase Fig. 4. Effect of pH on polysaccharide-hydrolase activity 
activity as measured by viscosity change. Mixtures of poly- as measured by viscosity change. Mixtures of polysaccharide 
saceharide (lmg.jml.) and enzyme (50 units/ml.) in buffer, (lmg./ml.) and enzyme (50units/ml.) in buffers of various 
pH 65, were incubated at different temperatures. The time pH values were incubated at 37°. The time taken for a 
taken for a halving of the viscosity was determined, halving of the viscosity was determined. 
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Table 2. Properties of the oligo8accharicie8 01 and 02 isolated from enzymic hydrolysates 
Of sltnw polysaccharide 
GIcIJA, Giucuronic acid; Fuc, fucose; MGICUA, electrophoretic mobility relative to glucuronic acid. 
- 	 Yield 
(1imoles/g. 
of poly. 
R(;I C in solvent 
saccharide Molar 
Oligosaccharide 	hydrolysed) Component sugars proportions 	MGJC UA 	A B 	 C 	D 
01 	 220 Glc,GIcUA,Fuc'. 	2:1:1 048 005 049 008 001 02 190 Glc,GIcUA,Fuc 2:1:1 	045 	007 063 	018 	003 
charide. In typical experiments the residual acetone. 
precipitable material comprised 10-20% of the 
original polysaccharide, and analysis showed that it 
was similar in chemical composition to the slime 
polysaccharide. 
Preliminary experiments indicated that the diffu-
sible material was composed of two components 
in approximately equal amounts. A number of 
separation methods were tested, but the only one 
giving satisfactory separation was preparative paper 
chromatography with Whatman no. 1 paper 
(57 cm. x 46 cm.) irrigated for 24hr. with solvent B. 
The syrup was applied as a strip 10 cm. from the 
end of the paper, and at the end of the run strips 
2cm. wide were cut from each side of the sheet of 
paper and from the middle. These were stained 
with alkaline silver nitrate and in each case two 
oligosaccharides were detected. These had R0 0•49 
and 0-63 respectively. Occasionally, preparations 
contained small amounts of material remaining 
very close to the origin. Attempts to elute this and 
purify it by other methods were unsuccessful. 
The two oligosaccharides were eluted from the 
paper and the resulting solutions concentrated under 
reduced pressure, then redissolved in a small volume 
of water. Chromatography in solvents B, C and D 
and paper electrophoresis for up to 6 hr. indicated 
that both fractions were pure. The products from 
all eight enzyme systems appeared to be identical 
and they were named oligosaccharide 01 (R010 
049 in solvent B) and oligosaccharide 02 (R01 0.63 
in solvent B). In all chromatographic systems 
oligosaccharide 02 moved faster than oligosac. 
charide 01, but on paper electrophoresis oligo-
saccharide 01 was the faster-moving (see Table 2). 
Hydrolysates of both oligosaccharides (N-
sul-phuric acid at 100° for 16hr.), when subjected to 
paper chromatography in solvent B, showed the 
presence of glucose, fucose, glucuronic acid and 
glucuronolactone. In each case, the glucose: fucose: 
glucuronic acid proportions were 2:1:1 and boro-
hydride reduction indicated that fucose was the 
terminal reducing sugar in both oligosaccharides. 
These results indicated that oligosaccharides 01  
and 02 were both tetrasaccharides. However, a 
comparison of the data in Tables 1 and 2 shows 
clearly that neither oligosaccharide 01 nor oligo. 
saccharide 02 was identical with the tetrasaceharide 
El obtained by autohydrolysis. No hydrolysis of 
either fraction was detected with tx-glucosidase, 
-glucosidase, fl-glucuronidase or cellulase. 
Graded hydrolysis of the two fractions was per-
formed with 0O1N.sulphuric acid at 100° for up to 
60mm. The hydrolysates were neutralized with 
barium hydroxide and examined by electrophoresis 
and paper chromatography. In oligosaceharide 01, 
glucuronic acid, disaccharide E3 (glucuronosyl. 
fucose) and neutral material (fucose, glucose and 
cellobiose) were detected after 'several minutes, 
the amounts of each increasing with time up to 
60mm. The results with oligosaccharide 02 were 
slightly different, as the main disintegration pro-
ducts were aldobiuronic acid, glucose and cello biose. 
Very little fucose or glucuronic acid was liberated. 
In neither case was the trisaccharide E2 or the 
tetrasaccharjde El detected. These results indicate 
that both oligosaccharides were constructed from 
the two disaccharides cellobiose and glucuronosyl. 
fucose, most probably in the ratio 1:1. The high 
chromatographic mobilities in solvent B also indi-
cated that oligosaccharides 01 and 02 were unlikely 
to be larger than tetrasaccharides. If this is so, 
some explanation of the differences between 
oligosaccharides 01, 02 and El was necessary. 
The report by Davies, Crumpton, Macpherson & 
Hutchison (1958). indicating that the polysac-
charide of K. aerogenes A3 (Si) contained 0-acetyl 
groups amounting to 4% of the dry weight, may 
offer a possible explanation. 
Incubation of oligosaccharides 01 and 02 with 
aqueous ammonia (1:1, v/v) at 37° for 24hr. or 
with 0-01.N-sodium hydroxide for 2hr. at room 
temperature led to no change in oligosaccharide 01, 
but converted much of the oiigosaccharide 02 into 
oligosaccharide 01 as determined by electrophoretic 
and chromatographic mobility. The same result 
was obtained when the mixtures were heated at 100° 
for 5-10mm With ().1w.-diurn hydroxide at 
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1000, both fractions were hydrolysed to the aldo-
biuronic acid and neutral material. Further indi-
cation that oligosaceharide 02 was an acylated 
version of oligosaccharide 01 was obtained by 
treating the intact polysaccharide with 01x-
sodium hydroxide at 37° for 24hr. or with concen-
trated ammonia under the same conditions. When 
the polysaccharide was dialysed free of alkali and 
then treated with a phage-induced depolymerase, 
no oligosaccharide 02 was detectable in the 
enzyme digest, only oligosaccharide 01. 
On partial autohydrolysis of the slime poly-
saccharide in the manner used to obtain the E series 
of oligosaceharides another possible substrate for 
the enzyme was obtained. The hydrolysis time was 
shortened to 4hr. and the diffusible material re-
moved by dialysis against running tap water. The 
non-diffusible substances were then exposed to 
enzyme action for 12 hr. Any oligosaccharides 
released by enzyme action were isolated in the same 
manner as were oligosaccharides 01 and 02. Only 
one spot was found on paper electrophoresis or on 
paper chromatograms. This spot moved at the 
same rate as did the tetrasaccharide El, and it 
too could be hydrolysed to the trisaccharide gluco. 
syiglucuronosylfucose by the enzyme cellulase. 
Autohyclrolysis thus removed some grouping that 
differentiates oligosaccharides 01 and El. The 
nature of this grouping remains obscure. 
DISCUSSION 
Although the induction of enzymes after phage 
infection of bacteria is a phenomenon that has been 
quite widely studied, the polysaccharide hydrolases 
or depolymerases have yielded relatively little 
information about the mode of action of these 
enzymes and the structure of their substrates. The 
only detectable feature has been the dissolution of a 
polysaccharide gel or the decrease in viscosity of a 
polysaccharide solution (Adams & Park, 1956; 
Eklund & Wyss, 1962; Sutherland & Wilkinson, 
1965). The reason for the lack of detectable hydro-
lysis products might be the extreme complexity of 
the substrate. Thus the enzymes might be endo-
depolymerases splitting branch points within the 
macromolecule, leaving fragments that are still 
large and complex. The exopolysaccharide slime 
excreted by K. aerogene.s A3 (SI) is now known to be 
based on a relatively simple structure, which is 
essentially a repeating unit of four monosaccharides 
(Conrad et al. 1966). The action of the phage. 
induced enzymes on this polysaccharide could be 
that of exoenzymes splitting off the repeating units. 
It is possible that two other phage-induced de-
polymerases act similarly. A phage having K. 
pneumoniae type 2 as host induced an enzyme caus-
ing increased reducing power in the polysaccharide  
solutions (Watson, 1966). In our own Laboratory 
I have recently found a phage-induced enzyme 
hydrolysing the polysaccharide of K. aero genes 
strain A4 to monosaccharides and a disaccharide 
(I. W. Sutherland, unpublished work). 
The properties of the polysaccharide hydrolases 
in the present study appeared to be similar to those 
of the systems investigated earlier. The optimum 
pH value of 65 and the relative thermostability 
closely resembled results obtained with enzymes 
acting on the polysaccharide of K. pmeumoniae 
type 2 (Adams & Park, 1956). It was also possible 
to employ the same methods for partial purifica-
tion of the enzymes as were used for similar 
enzymes from infected Cells of E. ecu (Suthrrland & 
Wilkinson, 1965). 
Chemical studies have shown that the poly-
saccharide slime excreted by K. aerogenes A3 (SI) 
is not the complex highly branched structure 
originally proposed (Wilkinson et al. 1955). The 
oligosaccharides isolated after autohydrolysis of the 
polysaccharide were similar to if not identical with 
those obtained by Conrad et at. (1966). These 
indicated a simple linear structure composed of a 
four-sugar repeating unit, namely glucosylglucosyl-
glucuronosylfucose, in contrast with the earlier 
hypothetical branched structure. The only way in 
which my results differed from those of Conrad et al. 
(1966) was in the finding that the enzyme -g1ucu. 
ronidase hydrolysed the disaccharide glucurono-
sylfucose (E2). However, as already suggested, the 
possible presence of contaminating a-glucuronidase 
in my enzyme preparations could not be excluded. 
The enzyme preparations produced two oligo-
saccharides thought to be tetrasaceharides, and it 
seemed probable that one of these, oligosaccharide 
02, was an acetylated version of oligosaceharide 01. 
This would indicate a more complex structure than 
that proposed by Conrad et at. (1966). It is by no 
means certain that the phage-induced hydrolases 
were unique in each preparation. More than one 
enzyme might have been present and might thus 
have released several products from the poly-
saccharide. This might also be possible if the poly-
saccharide possessed branches composed of the 
same four-sugar unit as the main chain. Alter-
natively and more probably, as breakage of the 
fucoside linkage is involved in production of both 
oligosaccharides, the acylation or other substitu-
tion is insufficient to affect the enzyme action and 
one enzyme only is involved in the production of 
both oligosaceharides. Supporting evidence for this 
is seen in the activity of enzyme preparations 
against alkali- or acid (autohydrolysed)-tEeated 
polysaccharide as substrate. 
The two oligosaccharides are produced in almost 
equal amounts. If one is acetylated and contains 
1 acetyl group/4 monosaccharide residues, this 
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would give a calculated acetyl content for the poly-
saccharide of 39%. This value agrees very well 
with that of 4% found by Davies et al. (1958) for 
the whole polysaccharide. It is therefore possible 
that the polysaccharide of K. aerogenes A3 (SI) is 
indeed a linear molecule consisting of alternate 01 
and 02 units. The actual position of the acetyl 
group in oligosaccharide 02 has not been deter-
mined and is rendered exceedingly difficult by the 
lability of the glucosyiglucuronic acid linkage. As 
oligosaccharide 01 still differs in some way from 
the tetrasaccharide obtained by autohydrolysis it 
probably contains some other substitution as yet 
undetermined. 
These results are of considerable interest when 
the biosynthesis of the polysaccharide is considered. 
If the mode of synthesis is similar to that found in 
bacterial lipopolysaccharides, involving sequential 
addition of sugars from sugar nucleotides (e.g. 
Edstrom & Heath, 1964), at least four enzymes 
would be required to synthesize the unacetylated 
polysaccharide composed of -glucosyl-(1-->4)-
glucosyl-fl-glucuronosylfucose units: (i) a fucosyl-
transferase, probably with GDP-fucose as donor; 
(ii) a glucuronosyltransferase, probably with UDP-
glucuronic acid as donor; (iii) glucosyltransferase I; 
(iv) glucosyltransferase II. In addition, an acetylase 
would also be involved, acting either at the nucleo-
side disphosphate sugar level or at the polysac-
charide level. A further enzyme would be required 
for the other substitution thought to exist in oligo-
saccharides 01 and 02. It is probable that the 
fucose and glucuronic acid are not constituents of 
any other cell structures, as they are known to be 
absent from the lipopolysaccharide of K. aero genes 
A3 (Sl) (Sutherland & Wilkinson, 1966). However, 
the glucose is obviously involved in other cell 
reactions and control of its incorporation into the 
exopolysaccharide may be due to utilization of 
distinct nucleotide donors. Consequently loss of 
any one of a number of enzymes by mutation might 
lead to loss of the ability to synthesize the exopoly-
saccharide. From these considerations and the 
partial elucidation of the polysaccharide structure,  
a clearer idea of the 'mucoid' to 'non-mucoid' 
mutation should be obtained. 
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(University of Illinois) for making available his results 
before publication and for the gift of samples of poly-
saccharide and of acid hydrolysates. The continued interest, 
advice and encouragement of Dr J. F. Wilkinson is also 
gratefully acknowledged. Mrs B. Annan, Miss M. Henderson, 
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The Exopolysaccharide of Kiebsiella aerogenes A3 (Si) (Type 54) 
THE ISOLATION OF O-ACETYLATED OCTASACCHARIDE, TETRASACCHARIDE 
AND TRISACCHARIDE 
By I. W. SUTHERLAND AND J. F. WILKINSON 
Department of General Microbiology, Univer8ity of Edinburgh 
(Received 4 September 1968) 
The exopolysaccharide slime produced by Kiebsielki aerogenes A 3 (SI) (type 54) is 
an O-acetylated polysaccharide, the components of which are glucose, glucuronic 
acid, fucose and acetyl in the molar proportions 4:2:2:1. A phage-induced 
fucosidase was obtained that hydrolyses the polysaccharide to give an octasac. 
charide having the same constituents in the same molar proportions. This octasac-
charide (03) is considered to be the repeating unit of the polysaccharide. It is 
hydrolysed by other phage-induced fucosidases described earlier to release two 
tetrasaceharides (01 and 02). These differ only in that tetrasaccharide 02 is 
acetylated. An acetylated trisaccharide of structure fl-glucosylglucuronosylfucose 
was prepared from tetrasaccharide 02. A further unidentified group is present. 
Cell-free preparations were used to acetylate the disaccharide a-glucuronosylfucose. 
From these results the structure of the octasaccharide (03) is postulated and its 
significance in the biosynthesis of the polysaccharide discussed. 
The presence of 0-acetyl groups in bacterial poly-
saccharides has been known for a considerable time, 
the exopolysaccharide capsule of Diplococcu8 
pneumoniae type I being one of the first examples 
reported (Avery & Goebel, 1933). Since then, many 
O-acetylated polysaccharides have been found, 
and pyruvate linked as a ketal has also been 
detected (Sloneker & Jeanes, 1962; Govin, Ishikawa, 
Spencer & Sloneker, 1967). A problem in all the 
studies on O-acetylation is the extreme lability of 
the acetyl groups to acid or alkali. Identification 
has frequently depended, as in several of the 
pneumococcal polysaccharides, on immunochemical 
methods (e.g. EstradaParra & Heidelberger, 1963). 
Most bacterial polysaccharides have been examined 
by the classical chemical techniques involving 
methylation, periodate oxidation and acid 
hydrolysis, during which any acetyl or other 
O-substituents originally present are hydrolysed 
and released. Farther, the paucity of enzymes 
catalysing the hydrolysis of bacterial polysac-
charides may explain the apparent absence of 
isolation methods for O-acetylated oligosaccharides. 
A good example of the limitations of the older 
chemical techniques is seen with the polysaccharide 
of Kiebsiella aerogenes A3 (Sl) (type 54). No 
mention of acetyl groups was made in the initial 
chemical studies on this material (Wilkinson, 
Dudman & Aspinall, 1955). However, the presence 
of 4.0% acetate was indicated by the immune-
chemical studies of Davies, Crumpton, Macpherson 
& Hutchinson (1958). Recent chemical studies 
(Sandford & Conrad, 1966; Conrad, Bamburg,  
-[Glc-G1cUA-Fuc-Glc-GlcUA-Fuc]- 
fl-GIc 	fl-GIc 
Ac... 	X. - - 	X...  
Scheme 1. Suggested octasaccharide repeating unit of 
K. aerogenes A3 polysaccharide. Abbreviations: GIcUA, 
glucuronic acid; Fuc, fucose; Ac, acetyl; X, unknown group. 
Epley & Kindt, 1966) again make no mention of 
any acetyl groupings. 
In an earlier paper (Sutherland, 1967) phage-
induced fucosidases were used to hydrolyse the 
polysaccharide and the presence of an acetyl group 
on one of the oligosaccharides so obtained was 
postulated on the basis of chromatographic 
mobilities and other data. It was suggested that the 
structure of the polysaccharide was based on an 
octasaccharide repeating unit (Scheme 1). The site 
of attachment of the acetyl group was unknown and 
the occurrence of a further group (X) of unknown 
characteristics, at a frequency of one per four 
monosaccharide units, was also indicated. The 
present paper describes further studies on the acetyl 
group in the K. aerogenes A3 slime polysaccharide 
and the isolation of three O-acetylated fragments by 
enzymic hydrolysis. 
MATERIAlS AND METHODS 
Bacteria and bacteriophages. K. aerogenes A3 (SI) and its 
method of culture for enzyme production and for polysac-
charide production were described by Sutherland (1967). 
The isolation and culture of phage F 34 were also described 
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by Sutherland (1967). A further enzyme-inducing phage 
F 39 was isolated from sewage by the methods described by 
Sutherland & Wilkinson (1965) for isolating depolymerase-
inducing bacteriophages active against Escherichia coli. 
Enzyme was also prepared from phage F 39-infected culture 
of K. aerogenes A3 (SI) by these methods and partially 
purified by (NH4)2SO4 precipitation. 
Analytical methods and borohydride reduction. The 
techniques were those described by Sutherland (1967). 
Paper electrophoresis. The buffer used contained pyridine—
acetic acid—water (5:2:43, by vol.), pH53. Strips of 
Whatman no. 1 paper (77cm.x20cm.) were used for all 
runs. The separation of charged oligosaccharides in 
comparative runs was satisfactory after application of 
80—lO0mA for 4-5hr. For removal of salts or enzyme 
proteins, the same current was applied for 30mm. All 
electrophoresis was performed on a Locarte high-voltage 
paper-electrophoresis equipment. 
Paper chromatography. Descending paper chromato-
graphy on Whatman no. 1 paper was used with the following 
systems: A, butan-1-ol—pyridine—water (6:4:3, by vol.) 
(Whistler & Conrad, 1954); B, ethyl acetate—acetic acid-
pyridine—water (5:1:5:3, by vol.) (Fischer & Dorfel, 1955); 
C, ethyl acetate—acetic acid—formic acid—water (18:3:1.4, 
by vol.) (Feather & Whistler, 1962); D, butan-1-ol—acetic 
acid—water (4:1:5, by vol.) (Partridge, 1946). The irrigation 
times were normally 48hr., 20hr., 24hr. and 120hr. 
respectively. Sugars and oligosaccharides were detected 
with alkaline AgNO3 reagent (Trevelyan, Procter & 
Harrison, 1950). 
Carboxyl reduction. The method of Hungerer, Jann, 
Jann, ørskov & ørskov (1967) was used. After reduction of 
the bacterial polysaccharide the yield was 83% of the 
starting material. Analysis of a typical preparation showed 
a decrease in the uronic acid content from about 20% to 
about 3%. 
O-Acetyldelermination. A micro-adaptation of the method 
of Hestrin (1949) was used with the volumes of each 
reagent decreased to 200el. and a resulting final volume of 
1 ml. The colour obtained was measured at 540m against 
a reagent blank in the micro-cells of a Zeiss PMQII spectro-
photometer. A solution (0.04 M) of acetylcholine was used 
as standard. 
Preparation of [14C]acetyl.00A. CoA (C. F. Boehringer  
und Soehne G.m.b.H., Mannheim, Germany) was acetylated 
with [1- 14C]acetic anhydride obtained from The Radio-
chemical Centre, Amersham, Bucks. The method was that 
described by Ochoa (1957). The product was diluted with 
acetyl-CoA (Sigma Chemical Co., St Louis, Mo., U.S.A.) to 
give a final specific radioactivity of approx. 20mc/m-mole. 
Radioactivity assay. Counts were made in a Beckman 
liquid- scintillation spectrometer with a dioxan.based 
scintillation fluid (NE572; Nuclear Enterprises Ltd., 
Edinburgh). 
RESULTS 
Evidence for the acetylation of K. aerogenes A 3 
exopolysaccharide. The first indication of the 
presence of 0-acetyl groups in the slime polysac-
charide of K. aero genes A 3 was the observation by 
Davies et al. (1958) that treatment with dilute alkali 
led to a 4% loss in weight of the polysaccharide. 
This was accompanied by changes in immunological 
properties. Further indication of the possible 
presence of an 0-acetyl group was the isolation of a 
tetrasaccharide with relatively high chromato-
graphic mobility (Sutherland, 1967) after digestion 
of the polysaccharide with phage-induced fuco-
sidases. 
Analysis of the intact polysaccharide by the 
ferric chloride—hydroxylamine technique (Hestrin, 
1949) indicated the presence of an acyl grouping. 
When calculated as acetyl, the molar proportions 
of the components of the polysaccharide were 
glucose: glucuronic acid: fucose : acetyl, 4:2:2:1. 
These proportions are in good agreement with the 
structure postulated by Sutherland (1967) and with 
the results of Davies et al. (1958). Comparison of 
the absorption curves with the ferric chloride-
hydroxylamine reaction showed that the polysac-
charide and acetylhydroxamic acid both gave 
max. at 505 mjz. The acyl group was identified as 
acetyl by the method of Thompson (1951). The 
acetylhydroxamic acid was prepared from the 
Table 1. Properties of oligosaccharides obtained by enzymic hydrolysis of K. aerogenes A 3 (Si) 
(type 54) polysaccharide 
Oligosaccharides 01, 02 and 03 were obtained by the action of phage.induced fucosidases. Oligosaccharides 
Ole and 02c were obtained by the action of 'cellulase' on oligosaccharides 01 and 02, and oligosaceharide 038, was 
obtained by treatment of oligosaccharide 03 with 0.01 rc-KOH. Details are given in the text. The terminal reducing 
sugar of all these fractions was fucose. Abbreviations: GIcUA, glucuronic acid; Fue, fucose, Ac, Acetyl; MG1CUA 
electrophoretic mobility relative to glucuronic acid. 
Rei n  in solvent 
Molar 
Oligosaccharide 	Component 	 proportions 	MGICUA 	A 	B 	 C 	D 
01 	GIc, GIcUA, Fuc 2:1:1 	0-48 0-05 049 008 0.01 
02 Glc,GIcUA,Fuc,Ac 	2:1:1:1 0-45 	007 	063 	0-18 	003 
Ole 	Gic, GIcIJA, Fuc 	 1:1:1 	 046 0-55 0-20 028 
02c Gte, GIcUA, Fuc, Ac 	1:1:1:1 0-45 	0-68 	0-20 	0-29 
03 	GIc, GIcUA, Fuc, Ac 4:2:2:1 	049 	0-02 003 0.01 0-01 
03a Gic, GIcUA, Fuc 	 4:2:2 052 - 	002 	- 	- 
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polysaccharide and run in solvent D for20hr. The 
paper was sprayed with 10% (wfv) ferric chloride 
solution at room temperature. An intense purple 
spot appeared with RF 051, identical with that of 
the spot of the authentic derivative prepared from 
ethyl acetate. A very faint spot with RF 043 was 
also observed, moving with formylhydroxamic acid. 
It is not known whether a small proportion of 
formyl residues was present on the polysaccharide 
or whether this was an artifact. The latter explana-
tion is more probable, as similar results have been 
reported with the O-acetylated extracellular poly-
saccharide of Xanthomona8 campe8trz8 (Sloneker & 
Jeanes. 1962). 
Isolation of the octasaccharide repeating unit. The 
phage-induced enzymes used previously (Suther-
land, 1967) gave two products after hydrolysis of K. 
aero genes A3 (Sl) exopolysaccharide. These were 
the two tetrasaccharides, 01 and 02, whose 
properties are shown in Table 1. Another phage, 
F39, has recently been isolated in our Laboratory 
and is also capable of inducing a polysaccharide 
depolymerase in the host cells. Preparations of the 
enzyme induced by phage F39 were found to 
hydrolyse the polysaccharide solutions and release 
diffusible material. Chromatographic examination 
in several solvents showed the production of trace 
amounts of the tetrasaccharides 01 and 02, 
together with a large amount of slower-moving 
material. Preparative chromatograms were run in 
solvent B and the slow-moving material was eluted 
as a chromatographically pure preparation. The 
chromatographic and electrophoretic properties of 
this fragment, designated oligosaccharide 03, are 
shown in Table 1. Microanalysis showed the 
presence of glucose, glucuronic acid, fucose and 
acetyl in the molar proportions 4:2:2:1. Boro. 
hydride reduction led to the conversion of half the 
fucose content into fucitol. It thus seemed probable 
that oligosaccharide 03 was an octasaccharide with 
fucose as the terminal reducing sugar and one acetyl 
residue/mol. Oligosaceharide 03 was resistant to 
hydrolysis with fl-glucosidase or fl-glucuronidase. 
Treatment with 0-01N-potassium hydroxide for 
16hr. at 20° resulted in loss of the acetyl group. 
The deacetylated material (03a) had electrophoretic 
and chromatographic mobilities slightly different 
from those of oligosaccharide 03 (Table 1). 
The structure of oligosaceharide 03 was revealed 
by the action of the fucosidase induced by phage 
F34. This enzyme was allowed to act at pH 75 and 
30° for 16 hr. The enzyme protein and salts were 
removed by electrophoresis. Chromatography of 
the enzyme hydrolysate in solvent B then showed 
the presence of two fractions, which were identical, 
in every property tested for, with tctrasaccharides 
01 and 02 respectively. The two oligosaccharicles 
were produced in equal amounts. The resistance of 
oligosaccharide 03 to hydrolysis by enzymes other 
than the phage-induced fucosidases rendered further 
identification difficult. 
It was not known whether the fucose residue 
reduced by borohydride was part of an 01 or 02 
portion of the octasaccharide. Attempts to 
subject the polysaccharide to carboxyl reduction 
followed by cellulase treatment were unsuccessful, as 
the polysaccharide was deacetylated during the 
process. Similarly borohydride reduction by the 
standard technique led to production of a reduced 
form of material 03a. Reduction without deactyla. 
tion was achieved by dissolving the material in 
1mN-potassium hydroxide instead of the 001N-
potassium hydroxide used in the normal procedure. 
The reduced oligosaccharide 03 was freed from 
salts by electrophoresis and treated with phage 
F 34-induced enzyme at 30° for 16 hr. The products 
were freed from protein and salts by electrophoresis 
followed by chromatography in solvent B. Two 
oligosaccharides were detected, the faster-moving 
being acetylated and identical with tetrasaccharide 
02 in all respects tested. The other fraction 
contained fucitol and stained weakly with alkaline 
silver nitrate. Its chromatographic mobility was 
the same as that of reduced tetrasaccharide 01. It 
thus seems likely that oligosaccharide 03 is com-
posed of equal amounts of the two tetrasaccharides 
01 and 02, where the terminal non-reducing sugar 
is part of the latter moiety. 
Acetylated tetrasaccharide. Analysis of tetrasac. 
charides 01 and 02 had earlier shown that both were 
essentially tetrasaccharides of the general structure 
fl.cellobiosylglucuronosylfucose. However, neither 
was identical with the compound of this structure 
isolated after mild acid hydrolysis of the polysac-
charide. One reason for this could be the presence 
of acetyl groups, which would be lost on acid 
hydrolysis. Analysis showed the presence of acetyl 
in one fraction only, 02, there being one acetyl 
group/mol. of oligosaccharide (Table 1). This acetyl 
group could be removed with 001N-alkali at room 
temperature, yielding material indistinguishable 
from tetrasaccharide 01 (Table 1). 
Acetylated trisaccharide. Previous attempts to 
form trisaccharides from tetrasaccharides 01 and 
02 by using 'cellulase' preparations were Unsuccess-
ful. However, by using a fresh batch of 'cellulase' 
(British Drug Houses Ltd., Poole, Dorset) and 
digestion at pH70 (0-02M-phosphate buffer) for 
16 hr., glucose was released from the tetrasaccharide 
02. Analysis showed that 50% of the available 
glucose was released. A similar result was obtained 
with the non-acetylated fraction 01. In addition 
to glucose, each tetrasaccharide released a larger 
fragment, these being designated 02c and Ole 
respectively. Each of these contained glucose, 
glucuronic acid and fucose in the molar proportions 
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-[GIc-GIcTJA-Fuc-GIc-GIcUA-Fuc]19_20- 
Gin 	 Gic 
Ac... X... 	X... 
4, Phage F 39-induced enzyme, pH 75 
GIc-GIcUA-Fuc-GIc-GIcTJA-Fuc 
Gic 	 GIc 	 03 
Ac... X... X... 
4, Pliage F 34-induced enzyme. pH 75 
02 	GIc-GIcUA-Fuc + GIc-GIcUA-Fuc 	01 
I 	 >1 
Gic KOH Gic 
Ac... X... 	 X... 
4, 'Ce1lu1ase 4, 
02c GIc-GIcTJA-Fuc 	Glc-GIcUA-Fuc 	Ole 
Ac... X. . . X.. 
KO}I 
Scheme 2. Production of oligosaccharides from K. aerogenes A 3 slime. Abbreviations: GIcUA, glucuronic acid; 
Fuc, fucose; Ac, acetyl; X, unknown group. The value of 19-20 repeating units is calculated from data of Conrad 
et at. (1966). 
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1:1:1 (Table 1). The oligosaccharide 02c also 
contained an acetyl group. In both cases, the 
terminal reducing sugar was fucose (Table 1). As 
was shown with the corresponding tetrasaccharides, 
treatment with dilute alkali converted oligosac-
charide 02c into oligosaccharide Ole. The relation-
ships between these different fractions and the ways 
in which they can be interconverted are shown in 
Scheme 2. Neither of the two trisaccharides was 
identical with the trisaccharide fl-glucosylglucu-
ronosylfucose obtained by mild hydrolysis of the 
polysaccharide (Sutherland, 1967). This confirms 
the belief (Sutherland, 1967) that some other 
residue, as yet unidentified, is present in both 
oligosaccharides Ole and 02c. 
Attempts to break down the trisaccharides with 
enzymes were unsuccessful. Although it might be 
expected that fl.glucosidase would release glucose 
and disaccharide from oligosaccharide 02c or Ole, 
no hydrolysis occurred. This has been ascribed by 
Conrad et at. (1966), in experiments with the 
corresponding trisaccharide fl.glucosylglucuronosyl-
fucose, to the aglycone specificity of the enzyme 
preparation. The unidentified group (X in Scheme 
2) may also cause steric hindrance, thus further 
inhibiting enzyme action. 
Site of acetylation. From the analytical data, it 
was apparent that the 0-acetyl group was present in 
tetrasaccharide 02, but absent from tetrasaccharide 
01. The terminal glucosyl residue is obviously not 
acetylated, as 'cellulase' treatment yielded glucose 
and an acetylated trisaccharide. The point of 
attachment of the acetyl group is therefore limited 
to two positions on each of the three sugar residues, 
all other positions being involved in glycosidic 
linkages in the intact polysaccharide (Conrad et at.  
1966). The resistance of the trisaccharide to 
enzymic hydrolysis prevented isolation of an acetyl. 
ated monosaccharide by this means. Attempts to 
produce a susceptible substrate by carboxyl 
reduction of tetrasaccharide 02 released the acetyl 
group. An alternative approach was the use of 
[14C]acetyl-CoA, assumed to be the precursor of 
the acetyl group. As enzyme, an ultrasonic lysate 
of exponential-phase cells of K. aerogenes A 3 (Sl) 
grown in 0.5% (w/v) glucose broth was used. 
Unbroken cells were removed by centrifugation at 
10000g for 15mm. The supernatant fluid was 
ultracentrifuged at 25000g for 30mm. The 
gelatinous sediment was used without further 
purification. It was suspended in 002M-disodium 
hydrogen phosphate-potassium dihydrogen phos-
phate buffer, pH 72, at a concentration of approx. 
5mg. of protein/mi. The 'enzyme' was added to a 
mixture of [14C]acetyl-CoA and substrate in a total 
volume of 50 tel. The mixture was incubated at 37° 
for 30mm., then applied to strips of Whatman no. 1 
paper. These were subjected to electrophoresis 
then out longitudinally in 1cm. strips. Each was 
scanned in a Tracerlab 4Pi scanner. The radio-
active peaks were cut out, eluted and counted in 
the Beckman liquid-scintillation spectrometer. The 
results are shown in Table 2. The substrates used 
were obtained by enzymic hydrolysis (oligosac-
charides 01 and Ole) or by autohydrolysis as 
described by Sutherland (1967). The oc-giucosyl-
fucose was prepared from carboxyl-reduced poly-
saccharide by hydrolysis with N-sulphuric acid for 
15mm. It was isolated from the hydrolysate by 
electrophoresis and chromatography of the neutral 
material in solvent A. It had RG11 0•95 in that 
solvent, moving with galactose. It is apparent that 
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to free fucose or glucuronic acid or to the trisac-
charide or octasaccharide units suggests that the 
acetylating system is acting either on the free 
disaccharide or on an intermediate in which either 
a fucose or glucuronic acid on the disaccharide is 
attached to some other unit. We have been unable 
to show the occurrence of the free disaccharide or of 
nucleotide oligosaccharide units as intermediates in 
biosynthesis, and the acceptor may rather be 
a monosaccharide-lipid or a disaccharide-lipid 
complex. Such compounds have been implicated 
in the biosynthesis of bacterial lipopolysaccharides 
(Wright, Dankert & Robbins, 1965) and bacterial 
mucopeptides (Anderson, Mitsuhashi, Haskin & 
Strominger, 1965). They have recently been 
identified as precursors of K. aerogenes exopolysac. 
charide (E. C. Heath, personal communication). 
The only other acetylated polysaccharide from 
bacteria to he studied in this way is the lipopolysac-
charide of S. anatum (Robbins et at. 1965; Keller, 
1966). The system reported differs from that of 
K. acrogenes A3 (SI) in that enzymic transfer of 
acetyl groups from acetyl-CoA to either oligosac-
charides or complete polysaccharide could be 
shown. The enzyme used was a particulate prepara-
tion and transfer occurred only slowly. 
The underlying cause or function of the acetyla-
tion of alternate tetrasaceharide units remains 
obscure. It is difficult to see what advantage it 
gives the organism over a polysaccharide in which 
all the tetrasaccharide units are acetylated. At 
first sight such an octasaccharide repeating unit 
would seem to require a considerably more complex 
biosynthetic system than the unacetylated polysac-
charide. The additional number of enzymes will 
depend on their specificity, but the system is likely 
to be more complex than that in which all the 
tetrasaceharide units are acetylated. 
The authors are grateful to the Science Research Council 
for a support grant and to Mrs A. Stuart and Miss I. Miller 
for technical assistance. 
REFERENCES 
Anderson, J. S., Mitsuhashi, M., Haskin, Al. A. & Stroininger, 
J. L. (1965). Proc. nat. Aced. Sci., Wash., 53, 881. 
Avery, 0. T. & Goebel, W. F. (1933). J. exp. Med. 58, 731. 
Conrad, H. E., Bamburg, J. K, Epley, J. D. & Kindt, T. J. 
(1966). Biochemistry, 5, 2808. 
Davies, D. A. L., Crumpton, M. J., Macpherson, I. A. & 
Hutchinson, A. (1958). immunology, 1, 157. 
Estrada-Parra, S. & Heidelberger, Al. (1963). Biochemistry, 
2, 1288. 
Feather, M. S. & Whistler, R. L. (1962). Arch. Biochem. 
Biophys. 98, ill. 
Fischer, F. G. & Dörfel, H. (1955). Hoppe-Seyl. Z. 302, 186. 
Govin, P. A. J., Ishikawa, T., Spencer, J. F. T. & Sloneker, 
J. H. (1967). Caned. J. Chem. 45, 2005. 
Heidelberger, M., Estrada-Parra, S. & Brown, R. (1964). 
Biochemistry, 3, 1548. 
Hestrin, S. (1949). J. biol. Chem. 180, 249. 
Hungerer, D., Jann, K., Jann, B., ørskov, F. & ørskov, 1. 
(1967). Europ. J. Biochem. 2, 115. 
Keller, J. M. (1966). Ph.D. Thesis: Massachusetts Institute 
of Technology. 
Kotelko, K., Staub, A. Al. & Tinelli, R. (1961). Ann. 
Inst. Pasteur, 100, 618. 
Ochoa, S. (1957). Biochem. Prep. 5, 27. 
Partridge, S. M. (1946). Nature, Loud., 158, 270. 
Robbins, P. W., Keller, J. Al., Wright, A. & Bernstein, R. L. 
(1965). J. biol. Glum. 240, 348. 
Robbins, P. W. & Uchida, T. (1965). J. biol. Chem. 240,375. 
Sandford, P. A. & Conrad, H. E. (1966). Biochemistry, 5, 
1805. 
Sloneker, J. H. & Jeanes, A. (1962). Caned. J. Chem. 40. 
2066. 
Sutherland, I. W. (1967). Biochena. J. 104, 278. 
Sutherland, I. W. & Wilkinson, J. F. (1965). J. yen. 
Microbiol. 39, 373. 
Thompson, A. R. (1951). And. J. sci. Res. B, 4,180. 
Trevelyan, W. E., Procter, D. P. & Harrison, J. S. (1950). 
Nature, Loud., 166, 444. 
Whistler, R. L. & Conrad, H. E. (1954). J. Amer. chem. Soc. 
76, 3544. 
Wilkinson, J. F., Dudman, W. F. & Aspinall, G. 0. (1955). 
Biochem. J. 59, 446. 
Wright, A., Dankert. M. & Robbins, P. W. (1965). Proc. 
nat. Acad. Sci., Wash., 54, 235. 
Vol. 110 	 KLEBISJELLA EXOPOLYSACCHARIDE 	 753 
Table 2. Enzymic acetylation of oligosaccharides 
The 'enzyme' was a particulate fraction produced by 
ultrasonic lysis of K. aerogenes A3 (Si). Details are given in 
the text. Mixtures of crude 'enzyme' and substrate oiigosac-
charides were incubated at 37° for 30mm. 
% of available 140 
incorporated from 
Substrate (200mmoles) 	[14C]acetyl-CoA 
z-Glucosylfucose 	 1-4 
x-Glucuronosylfucose 	 138 
-Glucosyiglucuronosyifucose 	 32 
-Celiobiosylglucuronosylfucose 1•1 
Oligosaccharide 01 (tetrasaccharide) 	10 
Oligosaccharide Ole (trisaccharide) 10 
Fucose 	 <10 
Giucuronic acid 	 <1•0 
much more radioactivity was transferred to the 
disaccharide oc-glucuronosylfucose than to any of 
the other substrates tested. This would seem to 
indicate that either the fucose or glucuronie acid is 
acetylated. 
An attempt to characterize the acetylation 
product was made by using ten times as much 
enzyme and x-glucuronosylfucose and replacing the 
labelled material by 025m-mole of acetyl-CoA 
(Sigma Chemical Co.). After incubation the 
mixture was divided into two equal portions and 
subjected to the standard electrophoretic separa-
tion. One strip was stained with alkaline silver 
nitrate and revealed two spots. The fastest moved 
with authentic x-glucuronosylfucose. The slower-
moving had M1ij 0-37. The area in the duplicate 
strip was eluted and applied to a chromatogram 
run in solvent C. It had BGIC 083 compared with 
RG1 1  067 for the unacetylated disaccharide and was 
chromatographically homogeneous. 
DISCUSSION 
The presence and role of 0-acetyl as distinct from 
N-acetyl groups in bacterial polysaccharides 
appears to have received relatively little study. 
Only by using an immunochemical approach 
has their importance been shown, both in exopoly-
saccharides such as those of D. pneumoniae 
(Heidelberger, Estrada-Parra & Brown, 1964) and 
in lipopolysaceharides such as those of Salmonella 
group B (Kotelko, Staub & Tinelli, 1961). Investiga-
tions of the changes involved in the chemistry of 
Salmonella anatum lipopolysaccharide effected by 
lysogenic conversion (Robbins & Uchida, 1965; 
Robbins, Keller, Wright & Bernstein, 1965) also 
revealed the importance of hitherto unsuspected 
0-acetyl groups. 
Although the acyl groupings most frequently 
found in bacterial polysaccharides are acetyl 
residues, other groups such as pyruvoyl have been 
recorded. Indeed the polysaccharide of X. 
campestri8 appears to be unusual in that it contains 
both pyruvate and acetate (Sloneker & Jeanes, 
1962). However, the presence of pyruvoyl residues 
in the ketal linkage as found in X. campe8tri8 
polysaccharides can be excluded from the present 
consideration, as acid hydrolysates of K. aero genes 
A 3 polysaccharide showed no detectable pyruvate. 
The identification of the site of acetylation is 
attended by several problems. The most difficult 
to overcome is the extreme lability of 0-acetyl 
groups to acid and alkali. The situation is not 
eased by the lack of enzymes degrading bacterial 
polysaccharides such as that excreted by K. 
aero genes A 3 (Sl). The isolation of several bacterio-
phages capable of inducing specific fucosidases has 
been of great assistance. The difference between 
the two types of fucosidases hydrolysing the 
polysaccharide into a tetrasaccharide or octasac-
charide unit proves the occurrence of acetyl groups 
on alternate tetrasaccharide units. Both hydrolases 
will attack the deacetylated polysaccharide, pro-
ducing tetrasaccharide units. Therefore the differ-
ence in specificity of the two hydrolases is presum-
ably concerned with the presence of the acetyl 
group, which causes steric hindrance with the 
enzyme producing the octasaccharide. This suggests 
that the acetyl group may occur on the monosac-
charide unit adjacent to the fucosyl bond normally 
attacked, probably the fucose residue, since the 
acetyl group has been shown to be attached to 
the tetrasaccharide at the non-reducing end of the 
octasaccharide. The results with the acetylating 
system suggest that either the fucose or the 
glucuronic acid unit is acetylated, and according to 
the results of Conrad-et al. (1966) two positions are 
free from glycosidic bonds on both the glucuronosyl 
and the fucosyl residues. These are the 2- and 
3-positions of the glucuronic acid and the 2- and 
4-positions of the fucose. It would thus seem that 
in the intact polysaccharide one of these four 
positions is acetylated. The other unidentified 
component could also be attached to one of the 
free hydroxyl groups of the fucose, glucuronic acid 
or glucose. Attempts to identify this component 
by nuclear-magnetic-resonance spectroscopy of 
the tetrasaccharide 01 failed to reveal any entity 
not accounted for by the known structure of the 
oligosaccharide. 
The optimum transfer of [14C]acetyl from 
[14C]acetyl-CoA to the disaccharide ce-glucuronosyl-
fucose may indicate the mode of synthesis of the 
polysaccharide. No transfer to deacetylated poly-
saccharide or to non-diffusible material from acid 
hydrolysis could be shown (I. W. Sutherland, 
unpublished work). The lack of appreciable transfer 
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SUMMARY 
Several mutants isolated from three Klebsiella aerogenes strains showed 
characteristics differentiating them from the wild type and also from the 
normal type of non-mucoid mutants. These mutants synthesize much less 
polysaccharide slime or capsule than the parent bacteria at low incubation 
temperature, but similar amounts at 370  The colonies are of rough appearance 
at 200  and liquid cultures at this temperature autoagglutinate. At 370, 
mutant and parental types are indistinguishable. The mutants show altered 
phage sensitivity patterns at 200  and the yield of lipopolysaccharide appears 
to be decreased at lower temperatures. Double mutants retaining certain of 
these characteristics but devoid of exopolysaccharide-synthesizing activity 
have also been isolated. The properties of the parent and mutant types are 
compared. 
INTRODUCTION 
In studies on polysaccharide biosynthesis, frequent use has been made of mutants 
unable to synthesize the exopolysaccharide slime or capsule characteristic of the 
parent organism, for example, Diplococcus pneumoniae capsular polysaccharide 
(Smith, Mills & Harper, 1957), the slime polysaccharide synthesized by Escherichia 
strains and by other species of the Enterobacteriaceae (Beiser & Davis, 1957). During 
studies on exopolysaccharide biosynthesis by strains of Kiebsiella aerogenes a number 
of mutants differing from normal non-mucoid variants were isolated. The unusual 
properties of these mutants and their relationship to the parent strains are reported. 
METHODS 
Bacteria and methods of culture. Three strains of Klebsiella aerogenes have been used. 
Strains A 3 (sL) and A 4 are laboratory strains used in several earlier studies (Wilkinson, 
Dudman & Aspinall, 1955; Sutherland, 1967). Strain w70 was kindly provided by 
Dr D. G. McPhee, School of Biological Sciences, University of East Anglia. Strains 
iu i and A4-O are non-mucoid mutants of A3 (sL) and A4, respectively, and are in-
cluded in certain experiments for comparison. All strains were cultured routinely on 
nutrient agar at 350•  For production of extracellular polysaccharide, strains were 
grown on a solid nitrogen-deficient medium (Sutherland & Wilkinson, 1965). A 
liquid version of this medium was also used for some experiments. The minimal 
medium used was that described by Davis & Mingioli (1950). Liquid cultures were 
grown in Erlenmeyer flasks containing half the nominal volume and shaken at 
200-300 rev./min. in an orbital incubator. Initial isolation of mutants was made on 
24-2 
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eosin methylene blue (EMB) agar with glucose as carbon source or on nitrogen-
deficient medium. 
Bacteriophages. The phages having Kiebsiella aerogenes A3 (sL) as host have been 
described earlier (Sutherland, 1967). Bacteriophage active against other K. aerogenes 
strains were isolated from raw sewage by the same techniques except that membrane 
filtration and not chloroform was used to remove bacteria from the preparations. The 
phage-induced fucosidase preparation was that used by Sutherland (1967). 
Mutagenesis. 'Old cultures' were nutrient-broth tube cultures held at 350  for 10 to 
20 days. Dilutions were made into sterile O9 % (w/v) saline and oi ml. samples were 
spread over the surface of suitable solid media. 2-Aninopurine mutagenesis was 
performed on overnight nutrient broth cultures which were diluted to approximately 
104 bacteria/mi. in broth containing 2-aminopUrifle (200 ug./ml.), and incubated 48 hr 
at 350 Samples were then spread over nitrogen-deficient solid medium. 
Preparation of polysaccharides and lip opolysaccharides. The exopolysaccharides 
produced by the three strains were of two types: slime or capsule. These were 
isolated and purified by the techniques originally described by Wilkinson et al. 
(19). Lipopolysaccharides were extracted from lyophilized bacterial cells by the 
phenol + water method using a 5  mm. extraction time (Lüderitz et al. 1965). After 
removal of the phenol by dialysis, the extracts were concentrated under reduced 
pressure and the lipopolysaccharide was freed from other material by ultracentrifuga-
tion at 100,000 g for 4  hr, then lyophilised. The supernatant fluid was also freeze-
dried and assayed for glucose as a measure of glycogen. 
Microanalysis. The constituent sugars of the polysacharides and lipopolysaccharides 
were identified by paper chromatography in the solvent of Fischer & Dörfel 
after hydrolysis in N-H 2SO4. The individual sugars were determined as described 
previously (Sutherland, 1967). In addition, mannose was determined by the cysteine + 
sulphuric acid assay (Dische, Shettles & Osnos, 1949) and total polysaccharide by the 
anthrone method. The 0-acetyl groups found in two of the three exopolysaccharides 
were estimated by the hydroxylamine-ferric chloride assay (Hestrin, 1949). Total 
protein was assayed by the Folin technique. All colorimetric results were read in 
glass cells in a Zeiss PMQII spectrophotometer or a Unicam SP 5 00  instrument. These 
were also used for determining the turbidity of cell suspensions and for enzyme assays. 
Paper chromatography and paper electrophoresis. Paper chromatograms on Whatman 
no. i paper were run in ethyl acetate + acetic acid + pyridine + water (5 + I + 5  + 3, by 
vol.) (Fischer & DOrfel, 1955) or ethyl acetate+acetic acid+formic acid+water 
(I 8 + 3  + I + 4, by vol.) (Feather & Whistler, 1962) for 24 or 40 hr respectively. Partial 
acid hydrolysates (N-H 2SO4 for 15 mm. at ioo°.) were neutralized with Ba(OH') 2 
solution and compared by paper electrophoresis in pyridinium acetate at pH 5.3 
using the conditions previously described (Sutherland & Wilkinson, 1968), and by paper 
chromatography in the acid solvent. 
RESULTS 
Isolation of colonies with crenated colony type (CR mutants). 
The parent strains were subjected to mutagenesis and spread, after expression of 
mutations, on nitrogen-deficient or EMB medium and the colonies examined for the 
presence of non-mucoid types (0 mutants). These occurred at low frequency and were 
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slightly smaller than the wild-type colonies, lacking the mucoidness and consequent 
glossy appearance. The non-mucoid cells grew in liquid culture with uniform turbidity 
and had a growth rate similar to the parental type. Several hundred 0 mutants have 
been isolated using various mutagens. During examination of colonies following 
mutagenesis, another type of mutant was observed. These colonies (CR mutants) were 
detected on plates incubated at 300  or 200  and had a very characteristic appearance. 
They were of the same size as those of non-mucoid mutants (so to 52 mm. diam. after 
48 hr growth on nutrient agar at 200).  The outline of the colonies was irregular and the 
consistency more friable than either the parental or 0 type, and ridges radiated from a 
central apex. The CR mutants were only isolated following treatment with amino-
purine and not with other mutagens. One CR mutant was obtained as a spontaneous 
mutant from an 'old culture'. From two of the CR mutants further mutagenesis with 
aminopurine led to the isolation of another form which we have designated CR-O 
mutants. These cultures possessed properties common to CR mutants and 0 mutants. 
The derivation of mutants and their type is shown in Table i. The frequency of 
occurrence of either CR or CR-O mutants was very much lower than that of the 0 
mutants when aminopurine was used as mutagen. Attempts to derive a CR-O mutant 
from Klebsiella aerogenes w 'o have been unsuccessful. 
Table i. The type and mode of isolation of the mutants used in the present study 
Parent Mutant Type Mutagen 
A 3 (SL) A 3-CR CR 2-Ammopurine 
A 3-CR A 3-CRO CR-O 2-Amiflopurifle 
W70 W70-CR I CR 2-Aminopurine 
w70 W 70-CR 2 CR 2-Spontaneous 
A4 A4-CR CR 2-Aminopurme 
A4-CR A4-CRO CR-O 2-Ammopurine 
Cultural characteristics of CR mutants 
The characteristic colonial appearance of CR mutants on solid media was only 
observed following incubation at 20 to 300  for 24 to 48 hr. After longer incubation at 
these temperatures some mucoidness was noticed. The colonies also become less 
friable and very adhesive to the medium. Incubation at 370  led to cultures almost 
indistinguishable from the wild-type strains. The CR-O mutants were recognizable as 
their characteristic colonial appearance was retained on incubation at 37°.  They thus 
appeared to lack the ability to synthesise extracellular polysaccharide, so resembling 
o mutants. Colonies on solid media were very friable. 
Liquid cultures of CR mutants at 200 in all the media tested underwent auto-
agglutination and sedimentation as a granular aggregate of bacteria. At 37 ° liquid 
cultures were indistinguishable from the wild type, being turbid and viscous due to 
polysaccharide excretion. The CR-O mutants showed the same autoagglutination and 
lack of polysaccharide production at all incubation temperatures. The autoagglutina-
tion of CR or CR-O mutants in liquid defined media was unaffected by altering the 
concentration of Ca2 or Mg2+ ions between o and 05 mm and by the addition of EDTA 
up to 3  mg/mi. (w/v). Addition of Tween 8o in concentrations up to i % (w/v) also 
failed to prevent autoagglutination. All strains grew in the same manner using 
glucose, galactose, mannose or glycerol as carbon and energy source in defined 
media. 
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Reversion 
A marked difference between CR and 0 mutants was in the stability of the mutation. 
In the Kiebsiella aerogenes A4-O and other non-mucoid variants spontaneous 
revertants were never detected despite examination of more than io,000 colonies. 
Application of various mutagens did not induce reversion. The same was true of the 
CR-O mutants. However the CR mutants reverted to the parental type with varying 
frequencies. Thus A 3-CR reverted to A300 spontaneously with oor % frequency, 
whereas no spontaneous revertants from A 4-CR were observed. The use of acriflavin, 
2-aminopurine or ethanemethanesulphonate resulted in a reversion frequency of 
03 % to 04 % in the mutant A4-CR. Lower frequencies were observed using other 
mutagens. The mutants from W70 behaved similarly. 
Table 2. The composition of slime and capsule exopolysaccharides 
Growth Molar ratio 
Strain Type temperature Constituents (approx.) 
A4 Capsule, slime All Gic: Gal: GIcUA 
A4-CR Capsule, slime 30 to 350 Glc: Gal: GIIcUA 
A30I) Slime All Glc:Fuc:GIcUA:acetyl 4:2:2:1 
A 3-CR Slime 30 to 350 GIc: Fuc: G1cUA: acetyl 4:2:2: 
w70  Capsule, slime All Gal: Mann: GIcUA: acetyl 1: 1: 	:1 
W70-CR2 Capsule, slime 30 to 350 Gal: Mann: G1cUA:acetyl 1:1:1:1 
Exopolysaccharide synthesis 
It was obvious during the initial examination of cultures that differences in exo-
polysaccharide synthesis occurred between parent and CR strains, it was thus possible 
that the mutants might synthesize polysaccharides of altered composition and struc-
ture. The repeating unit of Klebsiella aerogenes A 3 (SL) slime polysaccharide has already 
been identified (Sutherland, 1967; Sutherland & Wilkinson, 1968). Hydrolysates of 
A4 polysaccharide contained glucose, galactose and glucuronic acid, while acetyl and 
pyruvoyl groups were absent. The capsular polysaccharide of strain W70 contained 
galactose, mannose, glucuronic acid and 0-acetyl groups. The composition and approx-
imate molar ratios of the polysaccharides are shown in Table 2 together with the 
composition of the material secreted by the three corresponding CR mutants when 
grown at 350  The parent and mutant strains secrete polysaccharides of the same chemo-
type with sugars present in the same molar ratio. Further proof of the similarity of the 
pairs of polysaccharides was obtained by comparison of partial acid hydrolysates by 
paper electrophoresis and paper chromatography. The fragments obtained were 
identical for each parent and mutant strain. In addition, phage-induced fucosidases 
active against A3(SL) polysaccharide yielded the same hydrolysis products from 
A 3(SL) and A 3-CR polysaccharides. 
On nitrogen-limited defined media with glucose as carbon and energy source, the 
production of polysaccharide was determined after separation from cells by the 
anthrone technique. The slime or capsular material was removed by boiling and the 
bacterial deposits by centrifugation. For all the strains examined, the greatest differences 
between parent and mutant strains were observed at 200  at which temperature the 
CR mutants produced only about 30 °/ that excreted by the parent in liquid medium. 
Similar results were obtained for each set of mutants and values for A4, A4-CR and 
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A4-cRO are given in Table 3.  The CR-O mutants produced no polysaccharide de-
tectable by the techniques used, and so resemble 0 mutants. 
Lipopolysaccharides and glycogen 
The occurrence of autoagglutination and 'roughness' in other species of Entero-
bactenaceae in usually associated with the production of incomplete lipopolysac-
charides (LUderitz, Staub & Westphal, 1966). Thus examination of the mutant lipo-
polysaccharides might reveal loss of part of the macromolecule. An earlier study of 
the A 3 and A4 strains showed that they contained 17  to 23 % galactose butonly 2 % 
glucose (Sutherland & Wilkinson, 1966). They thus differed from the types of polymer 
common to members of the genera Salmonella, Shigella and Escherichia, which all 
Table 3.  Exopolysaccharide production on nitrogen-limited media 
Incubation temperature 
350 300 200 
Strain Medium 24 hr 48 hr 72 hr 48 hr 72 hr 96 hr 72 hr 96 hr 
A4 Solid 28 35 30 16 20 28 37 37 
Liquid 2 , 1 23 24 2I 19 20 22 22 
A4-CR Solid 33 21 26 1-4 20 25 1*0 09 
Liquid 29 20 21 p8 20 26 1*2 1*1 
A4-CRO Solid or 0I 01 01 01 005 005 005 005 
liquid 
All values are given as mg. polysaccharide (glucose anthrone value)/mg. cell protein. 
Table 4. The yield of lipopolysaccharides by CR and CR-O strains 
Lipopolysaccharide 
Lipopoly- Glycogen 
Growth 	saccharide Composition (% dry 
Strain 	temperature (% dry cells) Glucose galactose cells) 
A3-CRO 	 200 	PlO 24 19 .0 22 
35° 	3I0 1*2 150 5 .5 
W70-CR2 	20° 1 *45 111 I40 28 
350 	509 1 10 16 110 
A4-CRO 	 20° 	257 1•6 1 7 .9 
35 3.33 12 186 1-9 
A4-CR 	 200 	12 25 225 66 
350 21 37 207 6o 
' The values for glycogen were derived by multiplying the glucose content of the ultracentrifuge 
supernatants by the weight of dry material. 
contain approximately equal quantities of glucose and galactose in their basal 
structures (Ltideritz et al. 1966). The galactan nature of the lipopolysaccharide of 
Kiebsiella A3(SL) and another strain has been confirmed by structural studies 
(Koeltzow, Epley & Conrad, 1968). Strain W70 also proved to have a similar 
lipopolysaccharide. 
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Several of the CR and CR-O strains were grown in nutrient broth containing 
i % (w/v) glucose in shaken culture at 200  or 35°.  The bacteria were harvested by centri-
fugation, washed and lyophilized. The yields of lipopolysaccharide extracted by phenol/ 
water and purified by ultracentrifugation are shown in Table 4.  It can be seen that the 
polymer yields were generally lower following incubation at 20° than those from 350• 
The composition of the macromolecules as measured by their glucose and galactose 
contents appeared to be constant. The yields of glycogen varied considerably and do 
not show any distinct pattern. 
Phage sensitivity 
One of the methods used to check the identity of mutants with the wild type was to 
test the sensitivity of both strains to one or more bacteriophages. The bacterial 
culture was incubated in nutrient broth then spread over the surface of plates of 
nutrient agar. These were allowed to dry at room temperature for 30 mm. Drops 
(002 ml.) of bacteriophage suspensions containing approximately i 06 plaque-forming 
units were applied and incubation continued at varying temperatures. Initial tests 
showed no difference in phage sensitivity after incubation at 200  or 37°. When, 
however, the parent cells were incubated through two subcultures in nutrient broth at 
200 then used to seed the plate, there were several differences from the sensitivity 
pattern observed at 370  These results are shown in Table 5.  It seems probable that in 
Table 5.  Phage sensitivity patterns of mutant and wild-type strains 
(+, Confluent lysis; —, no lysis; ±, very small numbers of plaques.) 
Incubation 37°,  phage: 	 Temperature 20°, phage 
Host strain 31 	33 	36 	33 	38 	40 	41 	42 	31 	33 	36 	37 	38 40 41 	42 
A3(SI) + + + + + + + + + + + + — 
A3-CR + + + + + + 	 + 	+ ± + — 
W70-CRI - - - - - + + + 	— — — — — + + 
W70-CR2 — — — — — + + 	 — — — — — + + - 
A3-CRo + + + + + 	 + + + + + + — 
w70 — — — — — — — + 	— — — — — — — + 
A4 — — — — — — + 	 — — — — — — + - 
A4-0 — — — — — + + — — — — — + ± 	— 
A4-CR — — — — — — + — 
A4-CRO — — — — — + + 	 — — — — — + ± 	— 
Original Host •- 	A 3 SL 	- 	AI A4 w70  
certain of the mutants the phage receptor is no longer synthesized at the lower tem-
perature or alternatively the mutants are unable to liberate mature phage. If the defect 
is one of surface properties it is presumably due to a loss of carbohydrate metabolism 
at a step which is also essential for exopolysaccharide synthesis. Thus strain A 3-CR 
was no longer susceptible to phages P33 and 38, which both acted on the parent and 
On A 3-CR at 37° . It is interesting that in some cases the mutants are susceptible to 
more phages than the mucoid parent. This is presumably due to occlusion of the bac-
terial surface by the capsule preventing phage uptake as it is not seen in the A3 
mutants where the parent strain produces slime only. 
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DISCUSSION 
Mutations involving exopolysaccharide biosynthesis in Kiebsiella aerogenes appear 
to occur in two ways. The wild-type organisms producing capsules and slime may 
undergo a mutation causing loss of the ability to form a discrete capsule. Such a 
slime-forming (SL type) mutants are exemplified by K aerogenes A3 (SL) which secretes 
an exopolysaccharide identical in all respects tested with the capsular polysaccharide 
synthesized by the parent cells (Dudman & Wilkinson, 1956). Either the wild type or 
the SL type can undergo a mutation causing complete loss of polysaccharide-synthe-
sizing capacity. Such non-mucoid (0) mutants show no tendency to revert. Attempts 
to render them mucoid by transduction were unsuccessful, although other markers 
were transferred (McPhee, Sutherland & Wilkinson, 1969). Such 0 mutants deficient 
in precursor-synthesizing or transferase activity are analagous to many of the mutants 
isolated during studies on lipopolysaccharide biosynthesis (LUderitz et al. 1966). Due 
to the lack of suitable selection procedures no mutants synthesizing in complete 
exopolysaccharide have yet been identified. Indeed by virtue of their repeating 
unit structure it is probable that the mutation is an 'all or none' phenomenon causing 
complete loss of polysaccharide-synthesizing capability. Nothing analagous to the 
'rough' mutants isolated in studies on lipopolysaccharide biosynthesis has yet been 




SL type, 	/ CR type 
(slime only) / (conditional) 
XXX 1 
0 type CR-O type 
Fig. i. Scheme for mutations involving polysaccharide synthesis in the genus Kiebsiella. 
The second and apparently unusual form of mutation is that involved in CR mutants. 
These apparently only arise spontaneously or under the influence of aminopurine. CR 
clones appear to be much less stable than 0 mutants. Further mutagenesis can, albeit 
rarely, lead to isolation of a double mutant retaining the characteristic colonial 
morphology of the CR mutant but having completely lost exopolysaccharide-
synthesizing capacity even at 37°.  The scheme involving such mutations is shown in 
Fig. I. The CR mutants are obviously conditional mutants and are unusual in that the 
mutation appears to have two distinct effects, assuming that no double mutation has 
occurred. The first effect is on exopolysaccharide synthesis, which is greatly reduced 
by lower incubation temperature but returns to the level of the wild type on temperature 
up-shift. The second effect is on one of the surface components of the bacterial cells, 
apparently the lipopolysacchande. This effect appears to be a quantitative one rather 
than an alteration to the lipopolysaccharide structure. A consequence of the lower 
lipopolysaccharide content is the agglutinability and 'roughness' of the cultures. These 
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observed results from the conditional mutation are consistent with an alteration to an 
enzyme involved in the formation of nucleotide precursors for the lipopolysaccharide 
and the exopolysaccharide or alternatively an altered regulator. The lipopolysac-
charides of the Kiebsiella strains used in this study contain galactose, heptose, 
2-ketodeoxyoctonic acid and N-acetylglucosamine (Sutherland & Wilkinson, 1965). 
The sugars found in the slime or capsular polysaccharides are fucose, glucose, galactose 
glucuronic acid and mannose. Thus galactose is the only sugar common to both 
lipopolysaccharide and exopolysaccharide, but only in strains A4 and w70, not in 
A 3 (sL). We therefore conclude that the mutation occurs in the sequence of reactions. 
glucose -. glucose-6-phosphate --> glucose-i-phosphate - UDP-glucose 
Alteration in any of the three enzymes involved, hexokinase, phosphoglucomutase or 
UDP-Glc pyrophosphorylase would affect either polymer if UDP-Glc is the glucosyl 
donor involved in exopolysaccharide biosynthesis. The results for glycogen yields were 
not consistent enough to determine whether a significant reduction had occurred at 
lower temperatures. The donor for glycogen synthesis being ADP-glucose (Gahan & 
Conrad, 1968), a reduction in glycogen would favour the first two enyzmes in the 
sequence as the possible sites of mutation. One similar conditional alteration in 
surface property involving what is also probably a polysaccharide, has been reported 
(Knolle & ørskov, 1967). The f antigen of Escherichia coli is lost at lowered incuba-
tion temperature but is again formed on return of the cells to 370• 
Further experiments to identify the enzyme involved in the 'CR' conditional muta-
tion of Kiebsiella aerogenes strains are proceeding. 
The authors are grateful to Miss I. C. Miller for technical assistance and to the 
Science Research Council for financial support. 
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Structural Studies on Colanic Acid, the Common Exopolysaccharide 
Found in the Enterobacteriaceae, by Partial Acid Hydrolysis 
OLIGOSACOHARIDES FROM COLAiNIC ACID 
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(Received 10 June 1969) 
The exopolysaccharide slime colanic acid has been isolated from representative 
strains of E8cherichia coli, Salmonella typhimurium and Aerobacter cloacae. Analysis 
showed that each polymer contained glucose, galactose, fucose and glucuronic acid, 
together with acetate and pyruvate. The molar proportions of these components 
were 1: 1-8:1-9: 1: 1: 1  approximately. On the basis of periodate oxidation of the 
natural and deacetylated polysaccharide, glucose is proposed as the site of the 
acetyl groups. The pyruvate is attached to galactose. Three neutral oligosaccharides 
and ten electrophoretically mobile oligosaccharides were isolated and partially 
characterized. Four of the fragments were esters of pyuvic acid. Most oligosac-
charides were isolated from all three polysaccharide preparations. Three further 
oligosaccharides were isolated from carboxyl-reduced colanic acid and sodium 
borotritide was used to label the glucose derived from glucuronic acid in these 
fragments. One trisaccharide was obtained from periodate-oxidized polysac-
charide. On the basis of these oligosaccharides a repeating hexasaccharide unit of 
the following structure is proposed: 
Pyruvate 
13 
.Gal 	)-G1clJA 	>-Gal 
c-Fuc 	)-GIc 	>Fuc 	>Fuc 
t 
Acetyl 
The significance of this structure in colanic acid biosynthesis is discussed. 
The name colanic acid was applied by Goebel 
(1963) to an exopolysaccharide slime synthesized 
by a mucoid Escherichia coli strain. This poly-
saccharide had the same sugar components as 
material synthesized by several Salmonella species 
(Anderson & Rogers, 1963). In all probability the 
polysaccharide is the same substance as the M-
antigen described by Kauffmann (1954) and fre-
quently reported during studies on the Entero-
bacteriaceae (e.g. Beiser & Davis, 1957). The 
control of the production of colanic acid by E. coli 
K12 strains has been the subject of studies by 
Markovitz and his colleagues (Markovitz, 1964; 
Markovitz & Rosenbaum, 1965; Kang & Markovitz, 
1967). These indicated control by a regulator gene, 
whose action could be reversed by growth in the 
presence of p-fiuorophenylalanine. Thus some 
non-mucoid strains could be converted to poly- 
saccharide production. Studies in this laboratory 
(Grant, Sutherland & Wilkinson, 1969) have con-
firmed that a polysaccharide containing glucose, 
galactose, fucose and glucuronic acid may be 
synthesized by many species of Salmonella and 
many E. coli strains when suitable cultural condi-
tions were employed. Despite the many studies on 
colanic acid, little knowledge of its structure has 
been obtained. Analysis of the polysaccharide 
indicated that the sugar components glucose, 
glucuronic acid, fucose and galactose were present 
in the approximate molar proportions 1:1:2:2 
(Sapelli & Goebel, 1964). Partial acid hydrolysis of 
the E. coli capsular polysaccharide was also shown 
to yield two oligosaccharides, one of which was 
identified as the aldobiuronic acid -D-glucuronosyl-
(1-*3)-D-galactose (Roden & Markovitz, 1966). 
During studies on colanic acid biosynthesis, it 
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became necessary to attempt further structural 
studies on the polysaccharide. 
MATERIALS AND METHODS 
Bacteria. Aerobacter cloacae N.C.T.C. 5920 and Escherichia 
coli S53, a sub-strain of K12, were grown under conditions 
previously described (Sutherland & Wilkinson, 1965). 
Salmonella typhimurium SL1543 was kindly provided by 
Dr B. A. D. Stocker, Department of Microbiology, Stanford 
University, and was grown by the same methods as the other 
two strains. The polysaccharides of all three strains were 
excreted as extracellular slime. Capsules were not detected 
on India ink staining of cultures (Duguid, 1951). The poly-
saccharides were recovered and purified by using the 
methods originally employed for the slime polysaccharides 
of Klebsiella aerogenes (Wilkinson, Dudman & Aspinall, 
1955). All three products were obtained as white fibrous 
material, highly hygroscopic and readily soluble in water to 
give viscous opalescent solutions. 
Paper chromatography and paper electrophoresis. All 
chromatography was performed on Whatman no. 1 paper. 
The solvent systems were: A, butan-1-ol-acetic acid-water 
(4:1:5, by vol.) (Partridge, 1946); B, ethyl acetate-acetic 
acid-formic acid-water (18:3:1:4, by vol.) (Feather & 
Whistler 1962); C, butan-1-ol-pyridine-water (6:4: 3, by 
vol.) (Whistler & Conrad, 1954); D, ethyl acetate-pyridine-
acetic acid-water (5:5:1:3, by vol.) (Fischer & Ddrfel, 1955). 
For paper electrophoresis the buffer used was pyridine-acetic 
acid-water (5:2 :43, by vol.), pH 5-3. Preparative runs were 
made on Whatman 3MM paper, and other runs on Whatman 
no. 1 paper. A current of 80-100 MA was applied for 2-4 hr. 
with 77 cm. x 20 cm. paper strips on a Locarte high-voltage 
paper-electrophoresis apparatus. For removal of salts or 
enzyme protein, the same current was applied for 20-
30mm. 
Microanalytical methods. Glucuronic acid was determined 
by a modification of the carbazole-H2SO4 technique 
(Bitter & Muir, 1962) on solutions of intact polysaccharide 
or oligosaccharide. n-Glucose and D-galactose were 
determined in hydrolysed material by using the respective 
oxidases. (Glucose oxidase was purchased from C. F. 
Boehringer und Soehne G.m.b.H., Mannheim, Germany, 
and galactose oxidase from Worthington Biochemical Corp., 
Freehold, N.J., U.S.A.) Fucose was determined by a micro-
adaptation of the cysteine-112SO4 procedure. A modifica-
tion of the method of Hestrin (1949) was used to determine 
O.acyl residues. The volume of each reagent was reduced to 
200 [J. with a resultant final volume of 1 ml. Pyruvate was 
determined by a modification of the method reported 
by Sloneker & Orentas (1962). For intact polysaccharide, 
the material was prepared as a 0-3% solution in si.HCI. For 
oligosaccharides, 50 1J., containing approx. 5jg. ofpyruvate, 
was added to an equal volume of distilled water. After the 
addition of lOOsl. of 2M-HCI the solution was sealed in a 
hard-glass tube (100 mm. x 5 mm.) and hydrolysed at 100° 
for 3 hr. Polysaccharide solutions were similarly treated. 
To each 200 el. was added 100l. of 0.5% 2,4-dinitrophenyl-
hycirazmne in 2M-HCI. The mixture was left at room 
temperature for 5mm. and then 0-5 ml. of ethyl acetate was 
added. After mixing, the lower aqueous layer was removed 
with a capillary pipette. The organic phase was extracted 
with three successive 0.5 ml. portions of aqueous 10% (w/v) 
Na2CO3. The extracts were removed, pooled and made up  
to 15ml. before the extinctions were read at 375nm. in a 
spectrophotometer. Standards containing 5-10tg. of 
pyruvate were included. 
All assays were read in glass semi-micro cells in a Zeiss 
PMQII spectrophotometer. 
Borohydride reduction. This was performed on samples 
containing approx. 0-5emole of oligosaccharide in a volume 
of 50i1.  The NaBH4 (2.28%) in 0-01 M-KOH was added and 
the mixture left in stoppered tubes in the dark at room 
temperature for 12 hr. After excess of borohydride had been 
destroyed with 2M-acetic acid, salts were removed by 
electrophoresis. Before analysis, the reduced material was 
hydrolysed in 05M-112SO4 for 4 or 16hr. at 100° in sealed 
tubes, the time of hydrolysis depending on whether or not 
glucuronosyl linkages were present and thus necessitated 
longer hydrolysis. 
Periodate oxidation. This was carried out as described by 
Conrad, Bamburg, Epley & Kindt (1966). Residual sugars 
were determined on the material after borohydride reduc-
tion and hydrolysis. 
Carboxyl reduction. This was carried out by the method 
of Hungerer, Jann, Jann, Ørskov & Ørskov (1967). After 
one cycle of reduction, the glucuronic acid content of the 
polysaccharide from B. coli or A. cloacae fell from approx. 
18% to about 2% with a corresponding rise in the glucose 
content. Theyield was just over 80% of the starting material. 
Deacylation occurred during the treatment. In one prepara-
tion the amount of borohydride was decreased to 1 mg./mg. 
of polysaccharide and Smc of NaBT4 was included in the 
mixture to permit differentiation of the glucose formed from 
that originally present. 
Hydrolysis with glycosida.ses. Three commercial prepara-
tions were used: -glucosidase (EC 3.2.1.21) from L. Light 
and Co. Ltd., Colnbrook, Bucks.; -galaetosidase (EC 
3.2.1.23) and fl.glucuronidase (EC 3.2.1.31) from British 
Drug Houses Ltd., Poole, Dorset. ce-Glucosidase (EC 
3.2.1.20) was prepared from yeast by the method of Robbins 
& Uchida (1962). A crude x-fucosidase (EC 3.2.1.-) pre-
paration was made from limpets, Patella vulgata, essentially 
as described by Conchie & Levvy (1957). The (N11 4 ) 2SO4 -
fractionated material possessed strong hydrolytic activity 
against p-nitrophenyl a-L-fucopyranoside as well as other 
glycosidases. During testing of the activity of all enzymes 
against oligosaccharide solutions, conditions were used such 
that approximately equimolar amounts of appropriate 
substrates such as maltose, cellobiose, lactose or nitro-
phenyl glucuronide were completely hydrolysed. Where pro-
longed incubation at 30-35° was required, toluene was added 
to the incubation mixture to suppress bacterial growth. 
RESULTS 
Isolation and characterization of the polysaccharides. 
Each of the polysaccharides was obtained from solid 
cultures of bacteria in nitrogen-deficient medium. 
After separation from the cells by high-speed 
centrifugation, the material was precipitated from 
the supernatant fluids with cold acetone. The 
strands of polysaccharide were wound round a glass 
rod, removed and redissolved in water, dialysed 
exhaustively and freeze-dried. The colanic acid 
was redissolved in acetate buffer and thoroughly 
deproteinized (Sevag, 1934). The material used 
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Table 1. Composition of colanic acid 
All values are expressed as % dry wt. -, No valid value obtained. 
Bacterial strain Fucose 
E. coli S53 30-4 
cloacae 5920 28-0 
S. typhimuriurn 1543 270 
Modified polysaccharide 
coli, oxidized - 
B. coU, alkali-treated 27-3 
B. coli, oxidized/alkali-treated - 
B. coti, carboxyl-reduced 28-3 
Glucuronic 
Glucose Galactose acid Acetate Pyruvate 
18-2 260 18-0 6-3 8-6 
179 27-5 17-4 6-0 8-1 
17-9 28-8 17-4 5-6 79 
16-7 27-4 0-9 0 5-5 
15-5 27-5 14-5 0 5-1 
41 23-0 0-4 0 35 
34-0 26-3 2-7 0 2•2 
for analysis was dried to constant weight at 1000. 
Paper chromatography of hydrolysed material con-
firmed the presence in all preparations of fucose, 
galactose, glucose and glucuronic acid. Chemical 
analysis confirmed that the three products were 
similar with respect to the sugar components (Table 
1). As well as the four sugars known to be present, 
the occurrence of an acyl group was indicated by 
the hyciroxylamine assay. Liberation of the acyl 
group with alkali followed by characterization of 
the hydroxamic acid derivative by the technique 
of Thompson (1951) revealed a spot moving in 
solvent A with the same RF value (0.51) as authentic 
acetylhydroxarnic acid. Formylhydroxamic acid 
moved with RF 0-43 and was absent from the poly-
saccharide preparations. Treatment with 0-1m-
sodium hydroxide at 60° for 60mm. caused com-
plete loss of the 0-acetyl groups without affecting 
the constituent sugars (Table 1). Another compo-
nent, which has only recently been identified in 
colanic acid, is pyruvate bound to galactose as a 
ketal linkage (Lawson et at. 1969). Microanalysis 
for pyruvate indicated that it was present in all the 
polysaccharide preparations in approximately the 
same amount (Table 1). Further proof of the simi-
larity of colanic acid derived from the different 
bacterial strains was seen after treatment of poly-
saccharide solutions with bacteriophage-induced 
enzymes (Sutherland & Wilkinson, 1965). The 
viscosity of each solution was rapidly decreased on 
incubation at 37°, but in no case were small-
molecular-weight products released. 
The effects of various chemical treatments on the 
composition of colanic acid are also shown in 
Table 1. Although only the results for E. coti 
colanic acid are shown, similar values were obtained 
for the other preparations. 
Periodate oxidation. In all preparations periodate 
oxidation caused destruction of the glucuronic acid 
but not of the galactose or glucose. As determined 
chromatographically, most of the fucose was also 
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Fig. 2. Destruction of glucuronic acid by periodate. 
tion in colanic acid for E. coti are shown in Fig. 1. 
Some destruction of fucose may have occurred 
but could not be followed accurately because 
of the production of material interfering in the 
cysteine—sulphuric acid reaction. When the poly-
saccharide was first treated with 04 M-sodium 
hydroxide at 56° for lhr., then dialysed free of 
alkali, freeze-dried and oxidized, a slightly different 
result was obtained. The glucose was rapidly 
oxidized until after lOOhr. only 10-15% of the 
original glucose remained. The destruction of 
glucose in alkali-treated polysaccharide is shown in 
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Fig. 2. The results of analysis on the oxidized 
polysaccharides are shown in Table 1. 
Partial acid hydrolysis. A 1% (w/v) solution of 
colanic acid from E. coli was added to an equal 
volume of 05M-sulphuric acid and heated at 1000. 
Samples were removed at 15 min. intervals and neu-
tralized with barium hydroxide. The supernatant 
fluids were applied to Whatman 3MM paper and 
subjected to electrophoresis. The most complex 
pattern of fragments, detected by staining with 
alkaline silver nitrate, appeared after hydrolysis 
for 30mm. Longer hydrolysis led to a diminution 
in the number of charged oligosaccharides, until 
only one was seen after 120mm. Elution of the 
neutral material, followed by chromatography in 
solvent C, showed three neutral fragments moving 
slower than galactose at 15 min., but only one after 
30mm. hydrolysis. From these results, hydrolysis 
times of 15 and 30mm. were adopted for obtaining 
neutral and charged oligosaccharides respectively. 
Each polysaccharide (1g.) was dissolved in 100 ml. 
of water and added to lOOmi. of acid, then hydro-
lysed at 1000.  Each mixture was divided after 
15mm., the first portion being neutralized with 
Amberlite IR-410 (HCO3- form) resin and used to 
obtain neutral oligosaccharides. The second portion 
was hydrolysed for a further 15 min. and neutralized 
with barium hydroxide solution. It was then sub-
jected to preparative paper electrophoresis on 
Whatman 3MM paper. The fractions revealed by 
staining with alkaline silver nitrate were eluted and 
checked for purity in one of the acid solvent systems 
(A or B). Where the material was impure, it was 
run again in one of these solvents where the separa-
tion from contaminating material was best. Al-
though there were slight variations in yield of 
oligosaccharides from different preparations, the 
same oligosaccharides were obtained from partial 
acid hydrolysates of each bacterial polysaccharide 
unless stated to the contrary. As it was more diffi-
cult to obtain sufficient polysaccharide from the 
Salmonella typhimurium strain, only one prepara-
tion was made. However, the results with the other 
two species represent material isolated from several 
hydrolysates from one polysaccharide preparation 
of each. 
Neutral oligosaccharides. The major neutral 
oligosaccharide (N3) obtained from partial acid 
hydrolysates of colanic acid moved behind galactose 
in solvent C and was in relatively high yield. 
Hydrolysis with 05M-sulphuric acid followed by 
neutralization and chromatography in solvent D 
showed that this fraction contained glucose and 
fucose in approximately equal amounts. Analysis 
confirmed that the molar ratio of the two constitu-
ent sugars was exactly 1: 1. Treatment with sodium 
borohydride led to complete conversion of fucose 
into fucitol, indicating that the fraction is a glucosyl. 
fucose. Treatment with fi-glucosidase under condi-
tions where an equimolar amount of cellobiose was 
completely hydrolysed released 48% of the avail-
able glucose. a.Glucosidase had no effect. On 
electrophoresis in 0-05m-borate buffer, pH 85, the 
fraction moved to the negative pole. When tested 
with diphenylamine reagent (Bailey & Bourne, 
1960), oligosaccharide N3 gave a brownish-green 
colour differing from the blue colour given by 
(1-->4)-linked disaccharides such as maltose and 
cellobiose, and from the brown colour produced by 
melibiose [(x-galactosyl-(1--) , 6) -glucose]. Chromato-
graphy in three solvents and electrophoresis in 
borate buffer confirmed that oligosaccharide N3 
was not identical with an authentic sample of fi. 
glucosyl-(1-+4)-fucose. It must therefore be 
-D-glucopyranosyl-(I -*2 or 3)-fucose. Its proper-
ties are shown in Table 2. 
The second neutral fraction was isolated in much 
lower yield than oligosaccharide N3. This material 
(N2) was slower moving than oligosaccharide N3 in 
chromatographic systems, but hydrolysates con-
tained the same sugars, namely glucose and fucose. 
The molar ratio of glucose to fucose was 1: 2 1, and 
borohydride reduced 50% of the fucose to fucitol. 
Treatment with - or fl-glucosidase failed to release 
any glucose. However, hydrolysis of 0.1/mole 
with 0125M-sulphuric acid for 10mm. at 1000 
liberated approx. 54% of the fucose and 3% of the 
glucose. No unhydrolysed material remained and 
almost 0.1 tLmole of fl-glucosylfucose was recovered 
by preparative paper chromatography. Thus 
oligosaccharide N2 is a fucosyl derivative of 
oligosaccharide N3 and the lack of activity of 
glucosidase enzymes may indicate the structure as 
being fucosylglucosylfucose. On treatment with 
Table 2. Neutral oligosaccharides 
RGIC 
Yield 
(jmoles/g. of Solvent Solvent 	Solvent Solvent 
Fraction polysaccharide) Components Molar ratio A B C D 
N3 192 GIc, Fuc 1:1 095 0'81 	074 0•83 
N2 17 GIc,Fuc 1:2 087 070 026 0•44 
Ni 37 Glc,Fuc 1:3 077 061 	021 0•31 
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limpet -fucosidase, fucose was released together 
with fl-glucosylfucose. The postulated structure 
of oligosaceharide N2 is therefore -L-fucoSyl--D-
glucopyranosylfucose. 
The third neutral fragment was present in greater 
quantity than oligosaccharide N2, and this oligo-
saccharide (Ni) had a lower chromatographic 
mobility. It also contained glucose and fucose in 
the molar ratio 1: 3.  After treatment with sodium 
borohydride, only 61% of the fucose was recovered 
along with all of the glucose. Glucose was not 
released with - or -glucosidase. Hydrolysis of 
02tmole, under the same conditions as for oligo-
saccharide N2, liberated only 5% of the available 
glucose. The major hydrolysis products were fucose 
and fl-glucosylfucose in the approximate molar 
ratio 2: 1. About 20% of the original oligosaccharide 
remained unhydrolysed. No trace of material 
resembling the trisaccharide N2 in its chromato-
graphic mobility could be seen. There was, however, 
a small amount of material detected on paper 
chromatography in solvent C with RG1 1.1. It 
seems certain that the oligosaccharide Ni is a 
tetrasaccharide containing three fucose residues 
and one glucose residue, the glucose being linked to 
a fucose residue as in oligosaccharide N3. To 
determine whether the terminal reducing fucose 
residue was that linked to glucose, 02mole was 
reduced with a mixture of sodium borohydride and 
sodium borotritide and then hydrolysed with 
0-125m-sulphuric acid. On neutralization with 
resin and paper chromatography in solvent D, the 
material moving as fucitol and as ,8.glucosylfucitol, 
having Ri o 190 and Fli respectively, was cut 
from the chromatogram and the associated radio-
activity determined in the scintillation spectro-
meter. All radioactivity, 1161c.p.m., was asso-
ciated with the fucitol and none with the reduced 
disaccharide area. From these results, oligo-
saccharide Ni is possibly a tetrasaccharide having 
the structure: 
Fue—>Glc-->Fuc-*Fuc 
Thus on acid hydrolysis the more labile fucosyl 
bonds are broken to liberate fucose (2 moles) and 
fl-glucosylfucose (1 mole). The trace of material 
moving faster than glucose in solvent C may be 
fucosylfucose. 
In addition to the three neutral oligosaccharides 
described, traces of slower-moving neutral material 
were obtained in some preparations. Insufficient 
material was obtained for accurate analysis, but 
hydrolysates of these fractions always showed the 
presence of glucose and fucose, there being in every 
case an excess of fucose over glucose. 
Charged oligosaceharides. The pattern of charged 
oligosaccharides obtained on partial acid hydrolysis 
was always much more complex than the pattern  
of neutral fragments. No preparation contained less 
than ten electrophoretically mobile oligosaccharides 
and the yield of some of these was in some cases 
inadequate to permit satisfactory characterization. 
The material obtained in highest yield from all 
three colanic acid preparations (E3) was found on 
hydrolysis to contain galactose and glucuronie acid 
in equimolar amounts. Borohydride treatment 
converted all the galactose into galactitol and 85% 
of the galactose was released by -glucuronidase. 
The oligosaccharide is therefore considered to be a 
-glucuronosylga1actose disaccharide. From its 
behaviour on paper electrophoresis it could not be 
distinguished froiji several aldobiuronic acids with 
this configuration. However, paper chromatography 
in solvents B, C and D indicated that it was identical 
in behaviour with -D -glucuronosyl -(1 -*3) -galac-
tose prepared from heparin and differed from 
fl-D.glucuronosyl. (1 -->.4) -galactose isolated from 
Xanthomonas stewarti (Gorin & Spencer, 1961a) and 
fi .glucuronosyl. (1-+ 6) -galactose obtained from 
partial hydrolysis of gum acacia. The oligosac-
charide E3 is therefore apparently the same as that 
isolated earlier from E. coli K12 colanic acid by 
Roden & Markovitz (1966). 
Small amounts of a slower-moving oligosac. 
charide (E5a) also containing galactose and 
glucuronic acid were obtained. The molar ratio of 
galactose to glucuronic acid was 22: 1 by analysis, 
and pyruvate was absent. Partial acid hydrolysis 
(0.125M-sulphuric acid at 100° for 20 min.) yielded 
approximately equal amounts of galactose and 
fi-glucuronosylgalactose. The galactose moiety of 
the aldobiuronic acid was reduced by borohydride. 
The enzyme fl-glucuronidase had no effect on oligo-
saccharide E5a, but fl-ga.lactosidase released 42% 
of the available galactose, together with the 
aldobiuronic acid. It is therefore concluded that 
fraction E5a is a -gaIactosyl. (fl-glucuronosyh 
galactose) trisaceharide. 
Two oligosaccharides containing fucose, galactose 
and glucuronic acid were isolated. On electro-
phoresis, the faster moving of these, oligosaccharide 
E4, contained the three sugars in equimolar 
proportions. On treatment with sodium boro-
hydride, all the fucose was reduced to fucitol. 
Partial acid hydrolysis (as for oligosaccharide E5a) 
liberated fucose and the aldobiuronic acid (E3). 
The enzyme fl-galactosidase did not have any effect. 
Attempts to hydrolyse the fragment with fi_ 
glucuronidase led to release of some of the glue-
uronic acid, but no galactosylfucose was isolated, 
presumably because of the presence of fl-galacto. 
sidase detected as a contaminant in the enzyme 
preparation. The oligosaccharide E4 is thus a 
trisaccharide of structure fl-glucuronosylgalacto-
sylfucose. 
The second oligosaccharide containing fucose, 
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Table 3. Charged oligosaecharides 
Yield 
(,.moles/g. of Molar 
Fraction polysaccharide) Components proportions MG1CUA 
Ela 25 Pyruvate, Gal, Glc[JA 1:2:1 0-87 
Elb 30 Pyruvate, Gal 1:1 0-92 
E2a 17 GIcUA, Gal, Gic, Fuc 1:1:1:1 069 
E2b 0-4 Pyruvate, G1cUA, Gal, Fuc . 1:1:2:1 076 
E3 383 GIcUA, Gal 1:1 068 
E4 04 G1oUA, Gal, Fuc 1:1:1 060 
E5a 05 Gal, GIcUA 2:1 0-54 
E5b 1-6 GIcUA, Gal, Fuc 1:1:2 0-55 
E6 1-2 GIcUA, Gal, Gle, Fuc 1:1:1:2 045 















galactose and glucuronic acid (E5b) moved more 
slowly on electrophoresis but slightly faster in 
paper-chromatography solvents (Table 3). Analysis 
indicated fucose, galactose and glucuronic acid in 
the approximate molar proportions 2: 1:1. Of the 
fucose, 50% was reduced by sodium borohydride. 
Partial acid hydrolysis yielded fucose, the aldo-
biuronic acid -glucuronosylgalactose and the tn-
saccharide E2b together with trace amounts of 
galactose and glucuronic acid. The probable struc-
ture of oligosacchanide E5b is that of a fucosyl 
derivative of oligosaccharide E2b, where the 
structure is either 
p-G1cUA
1,3 






The feature that is difficult to interpret is the 
relatively fast chromatographic mobility, consider-
ing that the fraction appears to be a tetrasaccharide. 
This may, however, be due to the presence of the 
two adjacent methylpentose residues. Pyruvato 
was definitely absent and could not therefore have 
contributed to the mobility. 
A number of charged oligosaccharides were found 
after hydrolysis to contain fucose, glucose, galactose 
and glucuronic acid. In one of these (E2a) the 
component sugars were in the molar proportions 
10:0-95:095:08, indicating that it is probably a 
tetrasaccharide. The terminal reducing sugar as 
determined by borohydride reduction was fucose. 
Partial acid hydrolysis (0-125m-sulphuric acid for 
20mm. at 100°) released -glucuronosylgalactose 
and fl-glucosylfucose in equal amounts, with only 
traces of free sugars. Treatment with -glucosidase 
released all the glucose from the oligosaccharide 
together with a product indistinguishable from the  
oligosacchanide E4. The structure of the tetra-




This structure seems the most probable as the 
glucosyl residue can be released enzymically and is 
also known to be attached to the terminal fucose. 
Attempts to hydrolyse the complete oligosaccharide 
with -glucuronidase were unsuccessful. 
A second oligosaccharide with the same constitu-
ent sugars (E6) was slower-moving electrophoreti-
cally but slightly faster-moving on chromatograms 
than was oligosaccharide E2a (Table 3). The molar 
proportions of fucose, galactose, glucose and glucur-
onic acid were 2:1 : 1:1 and 47% of the fucose was 
reduced by sodium borohydride. The products of 
partial acid hydrolysis were the same as were found 
for oligosaccharide E2a, namely the aldobiuronic 
acid and -glucosylfucose, but there was also a 
significant amount of fucose released. -G1ucosidase 
released only 10% of the available glucose. From 
these results this oligosaccharide appears to be a 
pentasaccharide analogous to oligosaccharide E5b 
in structure but containing an additional glucose 




Two oligosaccharides with very high electro-
phoretic mobility were isolated in low yield from 
the F. coli and A. cloacae preparations, but were not 
obtained in sufficient amount from the S. typhi-
murium colanic acid to permit accurate analysis. 
The slower-moving on chromatography (Ela) 
contained galactose, glucuronic acid and pyruvate 
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in the molar proportions 2: 1: 11. The terminal 
reducing sugar was galactose, as borohydride 
treatment converted 50% of the galactose into 
galactitol. Both -galactosidase and -glucuronid-
ase were inactive towards this oligosaccharide. 
Partial acid hydrolysates were found on electro-
phoresis to contain fl-glucuronosylgalactose and a 
fraction equidistant with oligosaccharide E5a. On 
chromatography in solvent C, a spot moving with 
the same RGle  as oligosaceharide Elb was observed. 
The fraction Elb had very high chromatographic 
mobility (Table 3), but hydrolysates showed the 
presence of -a-lactose and pyruvate in the molar 
ratio 1:1'1. The absence of glucuronic acid was 
confirmed by the carbazole test, in which a blue 
colour was formed. All the galactose was converted 
into galactitol by borohydride. Graded acid 
hydrolysis failed to yield any product other than 
galactose. Thus this material is almost certainly 
pyruvylgalactose. Consequently oligosaccharide 






It is thus the pyruvyl derivative of oligosaccharide 
E5a. 
A third oligosaccharide containing pyruvate 
(E2b) was isolated. The sugars detected on chro-
matography of hydrolysates were fucose, galactose 
and glucuronic acid in the molar proportions 
1:2: 1 along with 1 molar proportion of pyruvate. 
Fucose was the terminal reducing sugar and neither 
fl-galactosidase nor -glucuronidase caused hydroly -
sis. Partial acid hydrolysis (05M-sulphuric acid 
for 20min. at 100°) yielded fucose, galactose, aldo-
biuronic acid and a trace of pyruvylgalactose. 
The largest pyruvylated fragment (Al) was 
obtained in very low yield from partial acid hydroly-
sates of colanic acid, but was the major component 
of autohydrolysates. It contained fucose, glucose, 
galactose, glucuronic acid and pyruvate and these 
were present in the molar proportions 1: 1: 2:  1: 1. 
The terminal reducing sugar was fucose and fi-
glucosidase was the only glycosidase with any 
effect, releasing 19% of the available glucose. The 
product had MGICTJA  0•78 on electrophoresis and 
RGIC 055 on chromatography in solvent D. It is 
therefore similar to the pyruvylated tetrasaccharide 
(E2b). Partial acid hydrolysis of oligosaccharide 
Al yielded pyruvylgalactose, galactose, -glucosyl-
fucose and the aldobiuronic acid. Its structure is 




t 	 t 
Pyruvate -Gle  
The properties of the charged oligosaccharides are 
summarized in Table 3. 
Ol'igo8accharide8 i8olated from carboxyl-reduced 
polysaccharide. The stability of the aldobiuronic 
acid to acid hydrolysis prevents the isolation of 
several possible oligosaccharide configurations from 
the intact polysaccharide. In particular, no neutral 
galactose-containing fragments were obtained on 
hydrolysis of colanic acid. As fucose was a branch 
point, having both glucose and galactose molecules 
attached to it in several of the oligosaccharides 
obtained from colanic acid, it seemed important to 
isolate such oligosaccharides and thereby obtain 
information on the linear part of the polysaccharide 
molecule. Such oligosaccharides might be obtained 
either by converting the glucuronic acid into glucose 
and thus a more acid-labile glucosyl linkage, or by 
preferential destruction of the glucuronic acid by 
periodate oxidation. Both methods were attempted. 
After carboxyl reduction, colanic acid from E. coli 
or from A. cloacae was dissolved in 025M-sulphuric 
acid to give a 1% solution. After hydrolysis for 
45mm. at 100°, the material was neutralized with 
Amberlite IR-410 (11CO3 - form) resin. Chromato-
graphy in solvent B resolved the material into five 
fractions. The two slowest-moving were each 
resolved into two components after elution and re-
chromatography in solvent D. The fractions were 
named in order of increasing mobility Ria, Rib, 
R2a, R2b, R3, R4 and R5. Only the oligosacchar-
ides R3 and R4 were obtained in appreciable 
quantity, and oligosaccharide R5 proved to be 
identical with pyruvylgalactose (Eib). 
To determine the origin of the glucose in the frac-
tions, a partial hydrolysate of tritiated carboxyl-
reduced polysaccharide was made by using E. coli 
material. The labelled polysaccharide was prepared 
as described in the Materials and Methods section 
and 50mg. of starting material yielded 43mg. of 
product. Of this 35mg. was hydrolysed under the 
same conditions as for unlabelled polysaccharide. 
The same fractions were isolated. 
Identity of oligosacclzaride R4. Hydrolysates of 
this oligosaccharide showed the presence of glucose, 
galactose and fucose and analysis indicated that 
these sugars were present in equimolar amounts. 
The terminal reducing sugar determined by boro-
hydride reduction was fucose. Treatment with 
-galactosidase had no effect, but -glucosidase 
liberated 40% of the available glucose. Chromato-
graphic examination of the hydrolysis products 
showed fucose, galactose and glucose, presumably 
owing to the presence of contaminating -galactosid-
ase activity detected in the emulsin preparation. 
Acid hydrolysis of 0 1 lzmole (0 125 M-sulphuric acid 
at 100° for 10mm.), followed by neutralization and 
chromatography in solvent A, revealed fucose, 
glucose, galactose and a spot moving slightly more 
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(pmoles/g. of Molar Solvent Solvent Solvent Solvent 
Fraction polysaccharide) Component sugars proportions A B C D 
R4 99 Gte, Gal, Fuc 1:1:1 080 0-60 025 056 
R3 14-0 GIc, Gal, Fuc 2:1:1 059 026 0-05 024 
R2a 05 Glc, Gal, Fuc 2:2:1 034 014 001 0-08 
Tritiated fractions 
Glucose content (jLmoles/jLmole of oligosaccharide) 
Sp. radioactivity 
Fraction 	 (c.p.m./imole) 
Glucose 39 
R4 	 89 
R3 31 
R2a 	 43  
Radioactivity 	 Glucose oxidase 
1'O 	 1-0 
2-3 1-0 
0-8 	 20 
1-1 20 
slowly than -glucosy1fucose. Elution and hydroly-
sis of this material from a duplicate chromatogram 
showed it to be composed of galactose and fucose. 
To determine the source of the glucose in oligosac-
charide R4 the corresponding tritiated fraction was 
oxamined. The specific radioactivity of the glucose 
(c.p.m./mole) from the tritiated carboxyl-reduced 
polysaccharide is shown in Table 4, as are those of 
the oligosaccharides. If the glucose is derived from 
that originally present, no radioactivity should be 
present. The specific radioactivity of the glucose 
from the polysaccharide will be 50% of that derived 
from the glucuronic acid, as glucose and glucuronic 
acid were originally present in equimolar amounts. 
Table 4 shows that the glucose in oligosaccharide 
R4 has more than twice the specific radioactivity of 
the glucose isolated from the polysaccharide. It 
must therefore be derived entirely from glucuronic 
acid. The value of 23 is presumably accounted for 
by the incomplete conversion of glucuronic acid into 
glucose. Thus oligosaccharide R4 corresponds to 
the oligosaccharide E4, glucuronosylgalactosyl-
fucose, and its structure is -glucosyl-(1-+3)-
galactosylfucose. 
The oligosaccharide obtained in highest yield 
from the carboxyl-reduced polysaccharide (R3) 
also contained fucose, glucose and galactose. The 
fucose was in the terminal reducing position. 
Analysis showed that the sugars were present in the 
molar proportions 1:2: 1. Acid hydrolysis of 
01mole under the same conditions as for oligo-
saccharide R4 liberated material indistinguishable 
from oligosaccharide R4, together with -glucosyl-
fucose, galactose, glucose and fucose. A small 
amount of material with 11Gle  035 in solvent B was 
also detected. Elution of this followed by hydrolysis 
and chromatography in solvent A indicated 
approximately equal amounts of glucose and  
galactose. Treatment of oligosaccharide R3 with 
fl-glucosidase released about 20% of the available 
glucose. Chromatography showed the formation of 
two new fragments. One was indistinguishable from 
oligosaccharide R4. The other had Rai 043 in 
solvent B and contained equimolar amounts of 
glucose, galactose and fucose. The tritiated material 
had almost the same specific radioactivity as had 
glucose (Table 4) and so was derived equally from 
glucose and glucuronic acid in the polysaccharide. 
These results indicate that oligosaccharide R3 is a 




The oligosaccharide R2a contained glucose, galac-
tose and fucose in the molar proportions 2:2: 1, and 
partial acid hydrolysis yielded -glucosylfucose and 
oligosaccharides R3 and R4 as the major products. 
Insufficient material was available to permit 
further characterization. The tritiated fraction 
showed specific radioactivity similar to that in 
oligosaccharide R3, indicating equal derivation of 
the glucose from glucose and glucuronic acid. The 
most likely structure is that of the fl-galactosyl 
derivative of oligosaccharide R3. The other frag-
ments were in such low yield that characterization 
was not possible. The main properties of the R 
series of oligosaccharides are summarized in Table 4. 
Oligosaccharide.s from oxidized polysaccharide. 
Three neutral oligosaccharides were isolated from 
oxidized colanic acid after reduction and hydrolysis 
with 0-5m-sulphuric acid for 15mm. at 1000.  The 
fragments were separated by paper chromatography 
in solvent B. The fastest-moving oligosaccharide 
was identical in all respects tested with -glucosyl-
fucose obtained from other preparations. A ti-ace 
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of material moving slightly more slowly proved on 
hydrolysis to contain equal amounts of galactose 
and fucose. 
The third fragment had RGI C 042, 019 and 024 
in solvents B, C and D respectively. It contained 
equimolar amounts of glucose, galactose and fucose, 
the fucose being the terminal reducing sugar. 
Partial acid hydrolysis, as for the R fractions, 
released galactose and fl-glucosylfucose. The 
enzyme fl-galactosidase released 48% of the avail-
able galactose along with -glucosylfucose, whereas 
only 10% of the glucose was removed by -glucosid-






Although many bacterial strains synthesize poly-
saccharide capsules and slime, the structure of only 
a few of these polymers is known. In the genus 
Kiebsietta, several of the polysaccharides have 
proved to be based on a tetrasaccharide repeating 
unit in which one of the sugars forms a short side 
chain to the main linear molecule. Such structures 
are seen in Kteb8ietki type 2 (Gahan, Sandford & 
Conrad, 1967) and type 54 (Conrad et at. 1966). In 
the latter substance, the structure proved rather 
more complex in that every other tetrasaceharide 
was acetylated and a further non-carbohydrate 
substituent, as yet unidentified, was attached to 
each tetrasaccharide (Sutherland, 1967; Sutherland 
& Wilkinson, 1968). A knowledge of the structure 
of colanic acid, widely secreted by several genera of 
the Enterobacteriaceae, together with the accumu-
lated knowledge on genetic control in this family, 
should provide a useful system for the study of 
polysaccharide biosynthesis. 
The material named colanic acid by Goebel (1963) 
contained glucose, galactose, fucose and glucuronic 
acid. Many workers have since reported the 
production of a polysaccharide of this chemotype 
by species of the Enterobacteriaceae but have 
provided no evidence that the material from differ-
ent species is identical in composition and structure. 
Indeed the only portion of the colanic acid structure 
so fax elucidated was the fl-glucuronosyl-(1--*3)-
galactose identified in E. coli K12 material (Roden 
& Markovitz, 1966). Colanic acid from different 
species and strains was affected by bacteriophage-
induced enzymes, the viscosity of the polysaccharide 
solutions being greatly decreased (Sutherland & 
Wilkinson, 1965). However, the lack of small-
molecular-weight products precluded any conclu-
sions about the identity or otherwise of the poly-
saccharide from E. coli and A. cloacae. 
No mention was made in earlier work of acyl 
groups, although a brief report mentions their 
presence in a polysaccharide from an E. coti strain 
obtained from pathogenic material and probably 
resembling colanic acid (Linker & Evans, 1968). 
The present study confirms that 0-acetyl groups 
are present in colanic acid in the molar ratio 1: 1 
with glucose or glucuronic acid. The lability of the 
acyl linkage and the absence of enzymes causing 
complete hydrolysis of the polysaccharide prevented 
isolation of O-acetylated oligosaccharides such as 
these derived from K. aerogene8 type 54 and E. coti 
K27 polysaccharides (Sutherland & Wilkinson, 
1968; I. W. Sutherland, K. Jann & B. 3ann, un-
published work). This made identification of the 
site of acetylation difficult. However, the destruc-
tion of glucose with periodate in alkali-treated 
polysaccharide is indicative that glucose is the site 
of the 0-acetyl group. On the other hand, chemical 
evidence (Lawson et at. 1969) indicates that the 
glucose is bound at the 3-position and should there-
fore be periodate-resistant, even after removal of 
the acyl group. This point thus remains unclear. 
Before its identification by n.m.r. spectroscopy 
(Lawson et at. 1969) pyruvylated galactose was not 
known to be part of the colanic acid polymer. 
Although pyruvylgalactose was reported as a 
constituent of agar (Hirase, 1957) it has only once 
been reported previously in a bacterial polysacchar-
ide (Gorin & Spencer, 1961b). The first report of 
pyruvato in a ketal linkage in bacterial material was 
made by Sloneker & Orentas (1962) forXanthomonas 
campestris. The pyruvylated sugar moiety in this 
polysaccharide proved to be glucose. A further 
examination indicated that several polysaccharides 
synthesized by Xanthomonas species were both 
pyruvylated and acetylated (Orentas, Sloneker & 
Jeanes, 1963). In the present study, the relative 
stability of the ketal linkage has permitted isolation 
of the sugar to which it is attached and also several 
pyruvate-containing fragments. The pyruvyl-
galactose isolated from colanic acid was obtained 
after mild acid hydrolysis, whereas the conditions 
necessary for breaking the glucuronosyl linkages 
are much harsher. A pyruvylated aldobiuromc acid 
was not isolated. It is therefore concluded that the 
pyruvylated galactose molecule is not the same 
galactose residue that forms the reducing terminal 
of the aldobiuronic acid fl-glucuronosylgalactose. 
From the results of analyses it is difficult to obtain 
good molar proportions for the polysaccharide 
components and hence to deduce a possible repeat-
ing unit. It seems probable that glucose, glucuronic 
acid, acetate and pyruvate are present in equimolar 
amounts. Similarly the ratio of galactose to fucose 
is approximately 1: 1. The determination of galac-
tose by the galactose oxidase method may well have 
given low values as a result of the incomplete 
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hydrolysis of the aldobiuronic acid. If both galac-
tose and fucose values are low, a possible repeating 
unit would be a hexasaccharide containing one 
residue each of glucose, glucuronic acid, acetate and 
pyruvate and two residues each of fucose and galac-
tose. A hexasaccharide was not isolated, but a 
pentasaccharide (E6) was obtained. The structure 
postulated for this oligosaccharide, together with 
the fact that pyruvylgalactose is known to be distal 
to the aldobiuronic acid, leads to the postulation of a 






1,4 or 3 
3 	1,3or4 + 	1,4 
' (-GIc 	>Fuc >Fuc)— 
I 
Acetyl 
Almost all the possible fragments from this proposed 
repeating unit have been characterized among the 
oligosaccharides obtained by partial acid hydrolysis. 
In addition, the tetrasaceharide -fucosylglucosyl-
fucosylfucose (Ni) may give an indication of the 
structure of the linear chains of the colanic acid 
molecule. The terminal non-reducing fucose of this 
tetrasaccharide was presumably derived from the 
adjacent hexasaccharide unit. The positions of the 
linkages to glucuronic acid, glucose and fucose are 
shown by methylation analysis (Lawson et al. 1969). 
The presence in low yield of other, larger, fragments 
containing only glucose and fucose is indicative of 
a main chain composed of these sugars, presumably 
in the ratio of one glucose residue to two fucose 
residues throughout. It would thus be of the form: 
—Fuc ->Fuc -s-Glc--+Fuc-*Fuc- 
The lability of the fucosylfucose linkage to acid 
probably accounts for the failure to isolate a 
disaccharide composed of fucose. The trisaccharide 
side chains are attached to the fucose residues bound 
fl-glucosidically. Charged oligosaccharides contain-
ing more than one aldobiuronic acid or pyruvyl-
galactose were not detected.- If this observation is 
correct, the side chains attached to the alternate 
fucose molecules are limited to trisaccharides each 
containing two galactose residues, one glucuronic 
acid residue and one pyruvate residue. 
The repeating unit proposed for colanic acid is 
somewhat more complex than those identified so 
far in other bacterial extracellular polysaccharides. 
This implies a requirement for a considerable 
amount of genetic information. Of the sugars 
comprising colanic acid, two, fucose and glucuronic 
acid, are not known to be present in other poly-
saccharides synthesized by the parent bacteria. On 
the other hand, glucose and galactose are involved 
in the lipopolysaccharides of E. coli and S. 
typhimurium, although apparently in A. cloacae 
N.C.T.C. 5920 only glucose is present (Sutherland & 
Wilkinson, 1966). Glucose is also involved in 
glycogen, although the utilization of ADP-glucose 
as the activated donor for this system effectively 
differentiates it from UDP-glucose-requiring sys-
tems such as those synthesizing lipopolysaccharide 
and presumably exopolysaccharide. Acetate and 
pyruvate are obviously involved in many other cell 
reactions, but a requirement for specific transferase 
enzymes must be postulated. The activated donor 
for acetate is presumably acetyl-CoA and that for 
pyruvate may be phosphoenolpyruvate. Apart 
from the enzymes required for formation of the 
activated donors such as TJDP-glucose, TJDP -
galactose, IJDP-glucuronic acid and GDP-fucose, 
the postulated repeating unit would require eight 
transferases. The role of the acetate and pyruvyl 
groups remains obscure. They could perhaps be 
involved in the control of colanic acid synthesis. 
Thus addition of pyruvate might terminate synthe-
sis of the side chain at the lipid intermediate stage 
known to be involved in polysaccharide synthesis 
(Troy & Heath, 1968). In the same way acetylation 
might signal the transfer of a complete hexasaccha-
ride unit from a lipid intermediate to another 
acceptor. Although many bacterial exopolysaccha-
rides do not contain acetyl or pyruvyl groups, most 
of those so far isolated have a simpler structure than 
colanic acid. 
The genetic control of colanic acid biosynthesis 
in E. coli has been the subject of several studies by 
Markovitz and his colleagues (Markovitz, 1964; 
Markovitz & Rosebaum, 1965; Kang & Markovitz, 
1967). These indicated that a regulator gene con-
trolled the synthesis of colanic acid and of several 
enzymes thought to be involved in the process. 
Mucoid production could be induced by de-repres-
sing the regulator with fluorophenylalanine. This 
feature is known to be widespread in E. coli and 
S. typhimurium strains and among other Salmonella 
species (Grant, 1968). An episomal element was 
postulated by Markovitz & Rosenbaum (1965) as 
containing the regulator gene and this might 
account for the widespread occurrence of colanic 
acid within the Enterobacteriaceae. 
The author is grateful to Dr P. A. J. Gorin and Dr J. F. T. 
Spencer for a sample of-g1ucosylfucose and for X. .stewarti 
polysaccharide. 
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Structural Analysis of Colanic Acid from Escherichia coli by using 
Methylation and Base-Catalysed Fragmentation 
COMPARISON WITH POLYSACCHARIDES FROM OTHER BACTERIAL SOURCES 
By C. J. LAWSON,* C. W. McCLEARY,t HENRY I. NAKADA4 D. A. REES, 
I. W. SUTHERLADJ AND J. F. WILKINSONIT 
Departments of Chemistry and General Microbiology, University of Edinburgh, 
West Mains Road, Edinburgh EH9 3JJ 
(Received 12 June 1969) 
Essentially the same methanolysis products were obtained after methylation 
of the slime and capsular polysaccharides from Escherichia coli K12 (S53 and S53C 
sub-strains) and the slime polysaccharides from E. coli K12 (S61), Aerobacter 
cloacae N.C.T.C. 5290 and Salmonella typhimurium SL1543. These were the methyl 
glycosides of 2-0-methyl-L-fucose, 2,3-di-0-methyl-L-fucose, 2,3-di-0-methyl-D-
glucuronic acid methyl ester, 2,4,6-tri-0-methyl-n-glucose, 2,4,6-tri-0-methyl-n-
galactose and the pyruvic acid ketal, 4,6-0-(1'-methoxycarbonylethylidene)-2,3-
0-methyl-D-galactose. All were identified as crystalline derivatives from an E. coli 
polysaccharide. The structure of the ketal was proved by proton-magnetic-
resonance and mass spectrometry, and by cleavage to pyruvic acid and 2,3-di-0-
methyl-D-galactose. All these polysaccharides are therefore regarded as variants 
on the same fundamental structure for which the name colanic acid is adopted. 
Although containing the same sugar residues, quite different methanolysis products 
were obtained after methylation of the extracellular polysaccharide from Klebsiella 
aerogenes (1.2 strain). The hydroxypropyl ester of F. coli polysaccharide, when 
treated with base under anhydrous conditions, underwent fl-elimination at the 
uronate residues with release of a 4,6-0- (1 '-alkoxycarbonylethylidene) -D -galactose. 
Together with the identification of 3-0-(n-glucopyranosyluronic acid) -D -galactose 
as a partial hydrolysis product, this establishes the nature of most, if not all, of the 
side chains as 0.[4,6-0-(1 '-carboxyethylidene)-D-galactopyranosyl]-( 1-+4)-0- (D-
glucopyranosyluronic acid)- (1 -*3)-D -galactopyranosyl... 
The structural chemistry of polysaccharides must 
be established as a preliminary to any investigation 
of their conformation, or of the molecular basis of 
their physical properties or biological function. In 
these laboratories there is particular interest in 
polysaccharides that occur naturally as gels or 
hydrated networks (Rees, 1969): for example, in 
the problem of how, in molecular-conformational 
terms, the physical state of an extracellular poly- 
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Sask., Canada. 
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University of California at Santa Barbara, Santa Barbara, 
Calif. 93106, U.S.A. 
§ Present address: Department of Chemistry, University 
of Edinburgh. 
¶Present address: Department of General Microbiology, 
University of Edinburgh.  
saccharide may change from a coherent capsule to a 
soluble slime as a result of bacterial mutation. 
Knowledge of primary structure is also necessary 
to investigate pathways of polysaccharide biosyn-
thesis and their genetic control and regulation. We 
here describe the use of methylation analysis and 
other methods to characterize the primary struc-
tures of a group of extracellular polysaccharides as 
a starting point for wider physical and biological 
investigations. Some of these polysaccharides 
correspond to the material that has been named 
colanic acid (Goebel, 1963). 
MATERIALS AND METHODS 
Spectroscopy. N.m.r. spectra were recorded with the 
Perkin-Elmer RIO (60MHz) and Varian RA-100 (100111z) 
spectrometers with tetramethylsilane as internal standard, 
mass spectra with the AEI MS 9 double-focussing mass 
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spectrometer, u.v. spectra with the Unicam SP.800 recording 
spectrophotometer, and i.r. spectra with the Perkin-
Elmer 237 infrared spectrometer. 
Optical rotation measurements. These were made with the 
Perkin-Elmer 141 automatic polarimeter with 1dm. cells. 
Melting points. These were measured on the Kofler hot 
stage and are uncorrected. 
Paper chromatography and electrophoresis. The chromato-
graphy solvents were: A, ethyl acetate-pyridine-water 
(10:4:3, by vol.); B, butan-1-ol--ethanol-water (4:1:5, by 
vol., upper phase), C, aq. NH3 (sp.gr . 0880)-water-butan.2-
one (1:17:200, by vol.); D, ethyl acetate-acetic acid-formic 
acid-water (18:3:3:9, by vol.); E, ethyl acetate-pyridine-
water (8:2:1, by vol.); F, ethyl acetate-acetic acid-formic 
acid-water (18:3:1:4, by vol.); G, butan-1-ol-water-
propiomc acid (10:7:5, by vol.). The spray reagent was 
p.arJsidine hydrochloride in butan-1-ol (Hough, Jones & 
Wadman, 1950), unless stated otherwise. For electrophor-
esis, the paper was stretched between two buffer compart-
ments in a closed chamber with no special cooling arrange-
ment; the electrolyte was 0-1m-acetic acid, adjusted with 
pyridine to pH 6-5, and the potential gradient was about 
9 v/cm. for periods of up to 2 hr. 
Gas-liquid chromatography. A Pye Argon Chromatograph 
(with 90Sr detector) or a Pye series 104 Chromatograph 
(dual flame ionization detectors) was used with 4ft. or Sft. 
glass columns respectively. The liquid phases were: 
column 1, neopentyl glycol adipate (10% on Gas Chrom P); 
column 2, polyethylene glycol adipate (15% on Gas Chrom 
P); column 3, SE-52 silicone oil (3% on Gas Chrom P). The 
polyester columns were used at 175°, and the silicone 
column was used at 150°. 
Samples were analysed as the equilibrium mixtures of 
methyl glycosides, which were prepared from the sugars 
themselves or the polysaccharide methyl ethers (1-10mg.) 
by treatment with methanolic HCl (2m1.) in a sealed tube, 
either for 6hr. at 100° or for 16-24hr. at 70°. The reagent 
was prepared by mixing acetyl chloride (6 ml.) and methanol 
(lOOmI.). After neutralization with A92003 and filtration, 
the solution was evaporated to dryness and the residue was 
dissolved in chloroform (1 drop) for analysis. 
Isolation and preliminary characterization of poly-
8accharide8. This is described in the preceding paper 
(Sutherland, 1969) for A. cloacae, S. typhimurium and 
coli S53. The same methods, including the final de-
proteinization step with butanol-chloroform, were used 
to prepare slime polysaccharide from K. aerogenes strain 
and from E. coli S61, a mutant of S53 producing a very 
viscous slime polysaccharide. Capsular polysaccharide 
from the mutant F. coli S53C was isolated by boiling 
(Dudman & Wilkinson, 1956). For some experiments with 
coli S53 polysaccharide, the protein was removed by 
enzymic digestion. The polysaccharide (30g.) in Sorensen 
0-1M-phosphate buffer, p117.6 (51.), was incubated with 
try-psin (Sigma Chemical Co., St Louis, Mo., U.S.A.) (002g.) 
for 2 days at 35°. The solution was adjusted to pH 65 with 
solid NaH2PO4,2H20 before addition of EDTA (12g.), cys-
teine(25g.) and papain (Sigma Chemical Co.) (0-02g.), and 
further incubation for 2 days at 35°. The solution was 
dialysed against running tap water (4 days) and passed 
through an ion-exchange column (IR-120, H+ form, 300ml. 
bed vol.) before evaporation to a small volume and freeze-
drying (yield, 175g.). Lipopolysaccharide was prepared 
from F. coli S53 cells by the phenol-water extraction  
procedure and purified by ultracentrifugation (Kaufmann, 
Luderitz, Stierlin & Westphal, 1960). 
Hydrolysis (0'5M-H2SO 4 at 100° for 16 hr.) followed by 
neutralization with CaCO3, filtration and paper chromato-
graphy (solvent A) showed the same mixture of sugars from 
each extracellular polysaccharide, namely fucose, glucose, 
galactose and uronic acid. The acid was shown to be 
glucuronic acid by derivative formation for one polysacchar-
ide and by g.l.c. of a methyl ether methyl glycoside for all 
except one of the others (see below). 
Polysaccharide methyl ethers. Methylation was possible in 
non-aqueous solvents if the polysaccharides were made 
soluble by carboxyl esterification. For small-scale prepara-
tions, the polysaccharide (0-25g.), in water (500m1.), was 
passed through an ion-exchange column (Amberlite IR-120, 
11+ form) and the solution and washings were evaporated 
to a small volume (diminished pressure) and freeze-dried. 
The residue was dispersed in ether (50m1.) and excess of 
ethereal diazomethane was added at room temperature. 
After 24 hr. the solvent and reagent were removed by 
evaporation (rotary evaporator) and the residue was dis-
solved in water and freeze-dried. A solution was made by 
warming in a mixture of dimethyl sulphoxide (30 ml.) and 
NN-dimcthylformamide (20 ml.), then chilled in ice before 
adding methyl iodide (lOml.) and Ba(OH)2,8H20 (20g.). 
After being shaken in ice for 2hr., the mixture was allowed 
to warm to room temperature and shaking was continued 
for 20hr. Further quantities of reagents were added in the 
same way on each of the following 2 days, and the solution 
was finally diluted with water and dialysed against running 
tap water (3 days) before evaporation and freeze-drying. 
The product was not completely methylated (Found, 
typically: 0.CH3, 27%), and was therefore treated again 
under more forcing conditions (Kuhn, Trischmann & Low, 
1955). It was dissolved in NN-dimethylformamide (25 ml.), 
and powdered A920 (3g.) was added with methyl iodide 
(5ml.). The mixture was stirred under reflux (double-
surface condenser fitted with drying tube) on a magnetic 
stirrer-hotplate for 48 hr., then diluted with chloroform and 
filtered. The filtrate was washed with dilute aqueous NaCN 
(1%), which was then quickly back-washed five times with 
chloroform; prolonged contact, especially with more con-
centrated reagent, caused removal of methyl ester. The 
combined chloroform layers were dried over anhydrous 
Na2SO4, then evaporated to a small volume and poured into 
excess of light petroleum (b.p. 60-80°). The precipitate was 
removed on the centrifuge and dried in vacuo. If methyla-
tion was judged to be incomplete by the presence of 0-H 
stretching bands in the i.r. spectrum, treatment with 
A920-methyl iodide was repeated. The yield was typically 
0-18g. (Found: 0.CH3, 38-5%). 
For the large scale, esterification with ethylene oxide was 
sometimes used as an alternative to diazomethane. F. coli 
S53 polysaccharide (5g.), in water (3 1.), was converted into 
the free acid with ion-exchange resin as before. The solu-
tion was concentrated to about 11., cooled to 5° before 
addition of ethylene oxide (50 ml.), then securely stoppered 
and left at room temperature for 4 weeks. After exhaustive 
dialysis against running tap water to remove by-products, 
the solution was concentrated and freeze-dried (4.6g.). 
Part of the product (2.3g.) was dissolved in .1sTmethyl 
pyrrolid-2-one (200 ml.) with warming. To the cooled solu-
tion was added methyl iodide (lOml.) in N-methylpyrrolid-
2-one (20m1.), with stirring. Then Ba(OH)2,8H20 (20g.) 
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was added at 0°, and the mixture was shaken for 2 hr. at 
0° and then for 20 hr. at room temperature. The same 
quantities of reagents were added on each of the following 
2 days before dilution with water, dialysis against running 
tap water (3 days), evaporation and freeze-drying (2-0g.) 
(Found: 0. CH,, 27-3%). Remethylation with AgsO (6g.) 
and methyl iodide (5 ml.) in NN-dimethylformamide 
(40 ml.), by using the method described above, gave an im-
proved product (I -6g.) (Found: 0.0113,33-8%). Extensive 
saponification must have occurred at some stage, perhaps 
as a result of slower handling during the large-scale treat 
ment with cyanide, because passage of a chloroform solu-
tion through ion-exchange resin (Amberlyst 15, 11+ form), 
followed by evaporation and treatment with ethereal 
diazomethane, led to an increased methoxyl content (Found: 
0. CH,, 40-8%) and a pronounced decrease in intensity of an 
i.r. band at 1665cm.-', which could be attributed to 
carboxylate groups. The methoxyl content could not be 
increased further by treatment with A920-methyl iodide 
or diazomethane. 
EXPERIMENTAL AND RESULTS 
Identification of the hydrolysis products of E. coli 
853 polysaccharide 
Hydrolysis and preliminary separation on an ion-
exchange column. Polysaccharide (2g.) was hydro-
lysed on a boiling-water bath with M-Sulphuric acid 
(400m1.) for 12hr The solution was neutralized 
with calcium carbonate, cooled in ice-water, then 
filtered and concentrated in a rotary evaporator. 
The syrup, in water (25m1.), was passed through 
Amberlite IR-120 (11± form) resin (bed vol. lOOmt, 
column diam. 18 mm.), which was then washed with 
water until the effluent gave a negative colour 
reaction (Dubois, Gilles, Hamilton, Rebers & Smith, 
1956) for carbohydrate (61.). Carbohydrate was not 
displaced when the column was subsequently 
washed with 2M-hydrochloric acid. 
The washings that contained carbohydrate 
were combined and evaporated to 25m1., then 
passed through an ion-exchange resin (Amberlite 
IRA-400, acetate form; bed vol. lOOmL, diam. 
18 mm.), and washed through with water. This 
fraction contained neutral sugars only (see below) 
and was evaporated to a syrup under diminished 
pressure. Uronic acids were displaced with ar-formic 
acid (500 ml.) and evaporated to a syrup, which was 
stored over potassium hydroxide pellets. 
Separation of neutral sugars. The syrup was 
applied to a cellulose column (30 cm. x 2-5 cm. diam.) 
and eluted with ethyl acetate-pyridine-water 
(16:4:1, by vol.), with fractions (20m1.) being 
collected automatically and monitored by paper 
chromatography. Three larger fractions, each 
containing a single sugar, were obtained by combin-
ing these solutions and evaporation to dryness. 
Fraction 1 (0.59g.) contained L-fucose only,  
characterized by conversion into the toluene-p-
suiphonyihydrazone (Easterby, Hough & Jones, 
1951), m.p. and mixed m.p. 170°. Fraction. 2 
(0:30g.) was D-glucose, which gave (Bell, 1947) the 
1,3: 5,6-di-O-isopropylidene derivative, m.p. and 
mixed m.p. 109-110°, after recrystallization from 
ether-light petroleum (bp. 40-60°). Fraction 3 
(0-53g.) was D-galactose, characterized by conver-
sion (Hirst, Jones & Woods, 1947) into the N-
methyl-N-phenythydrazone, m.p. and mixed mp. 
185°. 
Separation of acidic sugars. This was done in the 
same way as for the neutral sugars, except that the 
eluting solvent was ethyl acetate-acetic acid-formic 
acid-water (18:3:1:2, by vol.). Fraction 1 from 
this column (0-14g.) was D-glucurone, which gave 
(Owen, Peat . & Jones, 1941) methyl -D-gluco-
furanuronoside (6 -+3)-lactone, m.p. 139-5°, mixed 
mp. 138°. Fraction 2 (0.15g.) was D-glucurornc 
acid, which gave the same derivative, mp. and 
mixed m.p. 138°. Fraction 3 (0.08g.) was the aldo-
biuronic acid described below. 
3-0 - (D - Glucopyranosyluronic acid) -n-galactose. 
Further quantities of this were prepared in the same 
way as previously, but under milder hydrolysis 
conditions (0-5M-sulphuric acid for 12 hr.). It had 
[aciD + 38° (c 2-0 in water) and the apparent degree 
of polymerization was 2-2 as measured by the 
method of Peat, Whelan & Roberts (1956) adapted 
for the phenol-sulphuric acid reagents (Dubois 
et al. 1956). Hydrolysis (m-sulphuric acid at 100° 
for 16hr), followed by neutralization and paper 
chromatography in the usual way (solvent A), gave 
galactose and uronic acid, suggesting that the 
substance was a glucuronosylgalactose, probably 
identical with the 3-0-(-D-glucopyranosyluronic 
acid) -D -galactose that was reported (Rodén & 
Markovitz, 1966) at the time our experiments were 
in progress. To establish the position of linkage, the 
hydrolysis products were examined after methyla-
tion and carboxyl reduction. - The acid (0-09g.), in 
cold 10% (w/v) sodium hydrogen carbonate solution 
(50ml.), was stirred while 30% (w/v) sodium 
hydroxide (30m1.) and methyl sulphate (lOmi.) 
were added simultaneously and dropwi.se over 3 days, 
with the solution kept in an ice bath for the first 
2hr. After acidification to pH2 with 3M-sulphuric 
acid, the partly methylated product was extracted 
with chloroform and dried over sodium sulphate. 
The residue after evaporation of chloroform (0.085g.) 
was dissolved in tetrahydrofuran (lOml.) and 
treated with excess of lithium aluminium hydride 
for 16hr. at room temperature and then 4hr. under 
reflux. Excess of hydride was destroyed with ethyl 
acetate, and the minimum of water was added to 
precipitate lithium aluminate. After filtration and 
evaporation, the residue was dried over phosphoric 
oxide and dissolved in NN-dimethylformamide 
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(10 ml.) containing methyl iodide (irni.). This solu-
tion was cooled to 00  before addition of silver oxide 
(0.50g.) and shaking, first in ice (2hr.) and then at 
room temperature (3 days). Solvent was removed in 
the rotary evaporator, and the product was ob-
tained by extraction of the residue with chloroform 
(0.070g.). 
Methanolysis and g.l.c. showed only the glyco-
sides of 2,3,4,6-tetra-0-methylglucose and 2,4,6-
tri-0-methylgalactose when run on columns 1 and 2. 
The presumed disaccharide derivative was hydro-
lysed by heating in aqueous 45% (v/v) formic acid 
for 10 hr. at 100°, then the acid was removed by 
evaporation, first in the rotary evaporator and then 
in a desiccator over potassium hydroxide pellets. 
Paper chromatography with solvents B and C 
-showed two spots only, corresponding to 2,3,4,6- 
tetra-0-methylglucose and 2,4,6-tri-0-methyl. 
galactose. After separation on paper sheets (sol-
vent B), the galactose derivative crystallized (m.p. 
84°, mixed m.p. 85 ° ). 
Methylation analysis of E. coli polysaccharide 
Hydrolysis of the methylated polysaccharide and 
separation of the products. Methylated polysacchar-
ide (1.5g.), in aqueous 45% (v/v) formic acid, was 
heated at 100 ° for 24 hr. before removal of the acid 
by evaporation, first in the rotary evaporator and 
then in a desiccator over potassium hydroxide 
pellets. The syrupy product was applied to a cellu-
lose column (28 cm. x 5cm. diam.), which was then 
eluted with light petroleum (b.p. 100-120 ° )—butanol 
(3:1, v/v). Fractions (25m1.) were collected auto- 
Table 1. G.l.c. of methylated sugars as their equilibrium mixtures of methyl glycosides 
Experimental conditions are given in the text. Retention times are relative to methyl 2,3,4,6-tetra-0-methyl- 
-n-glucopyranoside. Each peak is designated s, m, w or sh, to indicate respectively whether it is of strong, 
medium or weak intensity, or occurs as a shoulder on another peak. 
Relative retention time 
Source 	 Parent sugar Column 1 Column 2 
Reference sample 	2,3,4,6-Tetra-0.methylglucose 100m 1-38s 1.00M 143s 
2,4,6-Tri-0-methylglucose 256m 364s 328m 482s 
2,3,6-Tri-0-methylglucose 278m 364s 356m 481s 
2,4-Di-0-methylglucose 588m 785s 101m 137s 
4,6-Di-0-methylglucose 592s 730m 
2,3-Di-0-methylglucose 720nr 920s 
2,3,4,6-Tetra-0-methylgalactose 170 189 
2,4,6-Tri-0-methylgalactose 308m 350s 408m 469s 
2,3,6-Tri-0-methylgalactose 252s 318w 311s 3•72w 
350m 411w 450m 
2,3-Di-0-methylgalactose 656s 980m 
2,6-Di-0-methylgalactose 521w 608s 
698w 777m 
4,6-Di-0-methylgalactose 515s 840m 828s 1460ni 
2,4-Di-0-methylgalactose 951m 10708 835m 895w 
1060w 1143s 
2,3,4-Tri-0-methylfucose 072 085 
2,3-Di-0-methylfucose 090s 115sh 1•05s 1•44sh 
118rn 124w 146m 150w 
2-0-Methylfucose 258w 286s 405s 470rn 
292m 380w 505w 
2,34-Tri-0-methylglucuronic acid 226 
2,3-Di-0-methylglucuronic acid 543m 600m 8058 884w 
681s 850w 1070m 
Cleavage products 	Fraction 1 1350 1750 
from methylated Fraction 2 090s 11681i 1'05s 144sh 
polysaccharide 1.19m 1-24w 1•47m 150w 
from E. coli S53 	Fraction 3 	First subfraction 255m 362s 328m 4818 
Second subfraction 306m 350s 408m 4698 
Fraction 4 258w 2868 400s 468ns 
292m, 
Fraction 5 110w 8408 
Fraction 6 543m 678s 8.058 1066m 
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matically and combined into larger fractions on the 
basis of analysis by paper chromatography. After 
the first component had emerged, the solvent mix-
ture was changed to the proportions 1: 1 (v/v) and 
then to 1:3 (v/v). Finally, the column was eluted 
with butanol half-saturated with water. 
Fraction 1 (0.025g.) did not correspond in its 
chromatographic properties to any known simple 
glycoside; the complete investigation of this 
material is described below, where it is shown to be 
a pyruvic acid ketal. 
Fraction 2 (0-125g.) contained a. major component 
that corresponded, on gas chromatograms (Table 1) 
and paper chromatograms, to 2,3-di-O-methyi-
fucose. It was slightly contaminated with the 
material present in fraction 1 and was therefore 
purified on paper sheets (solvent B) before conver-
sion into the crystalline methyl a-pyranoside, 
m.p. 48-50°  [Conchie & Percival (1950) give m.p. 
49-51°]. 
Fraction 3 was a mixture of two sugars that 
corresponded, on gas chromatograms (Table 1) and 
paper chromatograms, to 2,4,6 -tri-O -methyiglucose 
and 2,4,6-tri-O-methylgalactose. Separation was 
achieved on a small cellulose column by elution 
with aq. ammonia (sp.gr . 0.880)—water—butan-2-
one (1:34:400, by vol.). The glucose derivative 
(0.275g.) was recrystallized from ether and had m.p. 
and mixed m.p. 120°. The galactose derivative 
(0.420g.) was recrystallized from light petroleum 
(b.p. 40-60 0)—ether, and had m.p. and mixed m.p. 
100°. 
Fraction 4 (0.140g.) crystallized directly, m.p. 
147-150°, corresponding (Aspinall, Jamieson & 
Wilkinson, 1956) to 2-O-methylfucose. This identity 
is confirmed by the behaviour on gas chromato -
grams (Table 1) and paper chromatograms. 
Fraction 5 (0.023g.) behaved as a di-O-methyl-
hexose on paper chromatograms, and was evidently 
a glucose derivative because treatment with silver 
oxide and methyl iodide in NN-dimethylformamide 
(conditions as above) gave 2,3,4,6-tetra-0-methyl-
glucosides, identified by g.l.c. It was probably 
2,6.di-0-methylglucose because it was different 
from the 2,3- and 4,6-dimethyl ethers (Table 1) and 
its glycosides could not be detected by g.l.c. after 
they had been kept for 24 hr. in 01M-sodium meta-
periodate. 
Fraction 6 (0.116g.) moved as a single spot on 
paper chromatograms in several solvent systems, 
and was electrophoretically mobile in pyridine—
acetic acid buffer, suggesting a uronic acid deriva-
tive. It was identified by g.l.c. as 2,3-di-0-methyl-
glucuronic acid (Table 1), this conclusion being 
confirmed by conversion into the p-nitrobenzoate 
of the methyl ester methyl glycoside, which, after 
four recrystallizations from ethanol, had m.p. 155° 
[Smith (1940) reported m.p. 157°]. 
Fyruvic ketals from E. coli poly8accharide8 
Optimum conditions for cleavage of the methylated 
polysaccharide. Low and variable amounts of the 
ketal were obtained by acid hydrolysis (see above), 
but the yields were larger when the polysaccharide 
methyl ether was fragmented by methanolysis. 
Methylated slime polysaccharide from E. coli K12 
S53 (0.100g.) was suspended in methanolic hydro-
gen chloride (20m1., prepared by prior mixing of 
acetyl chloride, methanol and 2,2-dimethoxy-
propane in the proportions 1:20: 1, by vol.), and 
mixed with an equilibrium mixture of methyl 4,6. 
di-O-methyi-D.gaiactosides (2-5ing.) as the iteai 
standard for quantitative g.l.c. Samples were re-
moved after refluxing for various periods of time 
and, after neutralization of each with silver carbon-
ate and filtration, the release of the ketal residue was 
estimated from relative peak heights on g.1.c. 
(column 2). The results (Table 2) suggested that the 
best yield was obtained after 4hr. 
Isolation of methyl 4,6-O-( 1'-methoxycarbonyi-
ethylidene)-2,3-di-O-methyl-cc-and-D-galactopyrano-
sides. Methylated slime polysaccharide from E. coli 
K12 S53 (3g.), suspended in methanolic hydrogen 
chloride (300m1., prepared as on the small scale), 
was heated under reflux for 4hr. The solution was 
cooled, neutralized with silver carbonate, filtered 
and evaporated to 25 ml. for application to a silica-
gel column (36 cm. x 4cm. diam.) previously equilib-
rated with ether. Elution with ether (21.) was 
followed by ether—benzene (3: 1, v/v) (21.) and then 
chloroform (21.), with fractions (50m1.) collected 
automatically and monitored by gd.c. on column 3. 
This column resolved the ketal peak into two compo-
nents, presumably the anomeric glycosides, having 
retention times, relative to methyl tetra.O-methyl-
fl.glucoside, 405 and 425. The fractions that 
contained ketal glycosides were combined and 
Table 2. Production of methyl 4,6-0-(1'-methoxy- 
carbonylethylidene) - 2,3 - di - 0 - methyl - cc - galacto - 
pyranoside by met hanolysis of the slime polysaccharide 
from E. coli K12 853 after methylation 
The preparation of samples is described in the text. The 
Pye Argon Chromatograph was used with column (2). 
Peak heights measured from chart (cm.) 
4,6-Di-O- 
Methanolysis methyl- 
period (hr.) Ketal galactoside Ratio 
1 1.80 7.4 0240 
2 320 870 0370 
4 360 960 0375 
8 285 785 0363 
24 320 9.00 0355 
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evaporated to dryness (032g.). Small amounts of 
2,3 -di -O -methylfucoside contaminants were present 
nd the mixture was therefore methylated again 
with silver oxide and methyl iodide in NN-dimethyl 
formamide and rechromatographed on silica gel in 
the same way, when-the 2,3,4-tri-0-methyfucosides 
were easily removed. The ketal glycosides were 
themselves partly resolved and were designated B 
(the faster-moving ong.l.c. ; 0-050g.) andA (0- 180g.). 
A mixed fraction (0030g.) was also obtained. The 
fraction B crystallized, and was recrystallized from 
barbon disulphide, m.p. 107-108°, [c]D 1.000 
(c 09 in chloroform) (Found: C, 507; H, 73; 
C13112208 requires C, 510; H, 7.2%). Fraction A 
remained a syrup, []D + 815° (c  04 in chloroform). 
Similar treatment of the slime polysaccharide 
from E. coli K12 S61 gave the same two compounds; 
the crystalline product had m.p. 108-110° and did 
not depress the m.p. of compound B. 
Confirmation that compounds A and B were 
anomeric glycosides was that each was converted 
into the same equilibrium mixture, as shown by 
g.l.c. on column 3, when treated with methanolic 
hydrogen chloride (3% at 100° for 5hr.). The optical 
rotations suggest that the -configuration may be 
assigned to compound A and the n-configuration to 
compound B, if the parent sugar is in the D-Series. 
These conclusions are borne out by the spectroscopic 
results described below. 
Structures of the glycoside ketals by spectroscopic 
methods. Hydroxyl absorption was not observed in 
the i.r. spectrum of either compound A or compound 
B when measured with 2% solutions in chloroform 
and 05mm. liquid cells; each showed a strong 
carbonyl absorption at 1743cm. -' to indicate an 
ester function, or possibly a cyclic ketone. 
N.m.r. spectra were recorded for both com-
pounds A and B in deuterochioroform, benzene, 
carbon disulphide and carbon tetrachloride. The 
spectra for compounds A and B were similar and 
consistent with the conclusion that they differed 
only in configuration at C-i. The best resolution 
was for compound B in benzene (Fig. 1), and detailed 
information about chemical shifts and coupling 
constants is given for this spectrum as an example. 
Interpretation is based on the assumption that the 
compound contains 22 protons, to fit the molecular 
formula suggested by mass spectrometry (see 
below): 
A singlet at 8•42r, corresponding to three 
protons, was assigned to a C-methyl group, which 
must be attached to a quaternary carbon atom. 
Two singlets at 662T (six protons) and 6657- 
(3 protons) were assigned to three 0-methyl groups, 
presumably representing two methyl ethers and a 
glycosidic methyl group. 
A singlet corresponding to three protons at 
was shown to represent a methyl ester by 
10 
Fig. 1. N.m.r. spectrum, at 100MHz in benzene solution, of 
methyl 4,6-0. (1'-methoxycarbonylethylidene) -2,3 -di- 0-
methyl-.o-galactopyranoside. Assignments of the sugar 
ring protons are labelled; for assignment of the methyl group 
singlets see the text. 
the following experiments. To the compound A 
(0.100g.), in redistilled tetrahydrofuran (20m1.), 
was added lithium aluminium hydride (0.100g.), 
and the mixture was kept at room temperature for 
8 hr. and then boiled under refiux for 4 hr. After the 
destruction of excess of reagent with ethyl acetate, 
and precipitation of inorganic salts by the minimum 
of water, the syrupy product after filtration and 
evaporation was dissolved in chloroform, washed 
with water and dried over sodium sulphate. The 
n.m.r. spectrum showed no peak at 6-40?-, but a 
characteristically broad singlet at 7.30r correspond-
ing to a hydroxyl proton was present. The i.r. 
spectrum showed the disappearance of the carbonyl 
band at 1748 cm. -1 with appearance of OH absorp-
tion at 3400 cm. -'. All this points to the conversion 
-CO .0. CH3 into -CH2 . OH by lithium aluminium 
hydride. As further confirmation, the syrupy reduc-
tion product was acetylated in acetic anhydride-
pyridine (2:3, v/v) (15ml.) at 100° for 2hr. After 
removal of the reagents by evaporation, the acetate 
was dissolved in chloroform and washed with 
aqueous copper sulphate, aqueous sodium carbon-
ate and water, and then dried over sodium sulphate. 
N.m.r. showed a new singlet at 790r, corresponding 
to one 0-acetyl group, with disappearance of the 
signal at 730r. The i.r. spectrum likewise showed 
replacement of hydroxyl absorption (3400 cm.') by 
ester (1725cm. -'). 
A system of seven protons, although 
forming a rather complex pattern, could be individ-
ually assigned by spin decoupling to the protons of 











Fig. 2. Mass spectrum of methyl 4,6-0-(1'-methoxycar-
bonylethylidene) - 2,3 - di. 0- methyl - - D - galactopyrano-
side. For the interpretation see Scheme 1. 
the sugar ring (Fig. 1). The conclusions were 
checked, as far as possible, by using the spectra re-
corded in other solvents. (a) The H-i signal was 
recognized by its appearance at the lowest field, 
590r. It was a doublet with J1,2 7511z, con-
sistent only with axial protons at H-i and 11-2 
on a pyranoside ring. (b) The 11.2 signal, recognized 
by being coupled to H-i, was a quartet at 636T with 
J2,3 9OHz, showing that H-3 is also axial. (c) 11-3, 
at 698r, showed J3,4 3511z and thus that H-4 is 
equatorial. (d) 11-4, at 607r, showed J4,5 111z, 
which gives no basis for assignment of configuration 
at C-5. (e) H-5 was a complex multiplet at 743r. 
(f) The two H-6 protons, appearing as a multiplet 
at 618r, were coupled with each other, with J 
75-80Hz. This means that bond rotation about 
C-5-0-6 must be prevented in some way. 
The mass spectra of compounds A and B were 
identical (Fig. 2), as would be expected for anomers. 
The peaks corresponding to highest mass were m/e 
306•13412 (013112208) and 30512447 (C13112108), 
which could be assigned to M (parent ion) and M —1 
respectively. The abundant peaks in the high-mass 
region could be explained on the basis of the struc-
ture that emerged from n.m.r. analysis, by analogy 
with pathways already proposed (Kotchetkov & 
Chizhov, 1966) for isopropylidene ketals (Scheme 1). 
The step m/e247-*187 was confirmed by a meta-
stable peak. The breakdown is evidently dominated 
by the ketal ring. 
The combined spectroscopic evidence is consist-
ent only with the structural formula (I) for corn- 
pound B, and the corresponding x-glycoside for 
compound A. (The necessity for the 4,6-ring fixes 
the stereochemistry at 0-5, which was the only 
ambiguity from the n.m.r. spectrum.) 
Confirmation of the structure of compound B by 
chemical methods. The crystalline material (10mg.), 
in dry dichioromethane (2m1.), was cooled in 
acetone—solid carbon dioxide before addition of 
boron trichioride (1g.) that had been precooled in 
the same way (Bonner, Bourne & McNally, 1960). 
After 30mm. in this bath, the mixture was allowed 
to warm to room temperature and kept under 
anhydrous conditions for 16hr. before evaporation 
to dryness and repeated distillation of methanol 
from the residue. Analysis by paper chromato-
graphy (solvent A) showed galactose as the only 
product. 
A further sample of compound A (35mg.) was 
heated at 1000  in 05a-sulphuric acid (5 ml.) for Shr. 
The solution was cooled before neutralization with 
nq. 015m-barium hydroxide, filtration and evapora-
tion to small volume; paper chromatography 
(solvent G) with the o-phenylenediamine—trichloro-
acetic acid spray (Wieland & Fischer, 1949) showed 
a spot with the same mobility and colour as barium 
pyruvate. The solution was treated with cation-
exchange resin (Amberlite IR-120, H form) and 
extracted with ether. Evaporation of the ether 
gave pyruvic acid, which, with redistilled phenyl-
hydrazine in ethanol, gave the phenyihydrazone, 
m.p. 183-185°, mixed m.p. 185-187°. Analysis of 
the aqueous layer by paper chromatography 
(solvent C) showed a spot with the same mobility as 
2,3-di-0-methylgalactose. Evaporation to dryness 
followed by treatment under reflux with ethanol 
(5m1.) containing redistilled aniline (0.05m1.) gave 
2,3.di-0-methyl-N-phenyl-D-galactosylamine, m.p. 
145-147°, mixed m.p. 149-151°. 
I8okztion of the ketal without methylation. The 
polysaccharide from B. coli S53 was esterified with 
propylene oxide by using an equivalent procedure 
to that described in the Materials and Methods 
section with ethylene oxide. The hydroxypropyl 
ester (1g.) was shaken at room temperature with 
methanol (40m1.) containing 2,2-dimethoxypropane 
(5m1.) to remove water by chemical reaction 
(McCleary, Rees, Samuel & Steele, 1967) before 
mixing with dry methanolic 0•04w-sodium meth-
oxide (40m1.) and shaking for a further 24hr. The 
yellow solution, which showed strongly the absorp-
tion at 233nm. in the ultraviolet that is characteris-
tic of an-unsaturated esters, was neutralized with 
M-hydrochloric acid and evaporated to dryness. 
The residue was extracted several times with 
water, leaving some insoluble material ('fraction C', 
0.60g.). The combined solutions were evaporated 
to 5m1. before the addition of acetone (50m1.) 
to precipitate polymeric material ('fraction D', 
0 
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0.35g.). Evaporation of the aqueous acetone gave 
a residue (fraction E', 0.12g.). 
Fraction D was evidently polymeric because it 
gave no detectable sugars when examined by paper 
chromatography (solvent E), and the degree of 
polymerization, as determined by the method of 
Peat et at. (1956), exceeded 10. Methylation 
followed by methanolysis and g.l.c. showed a very 
similar pattern of glycosides to that obtained 
directly from the E. coli polysaccharide. Similar 
analysis of fraction C, however, showed that the 
ketal peak had diminished to a relative concentra-
tion of about one-half. Comparison of fraction Ci 
with intact colanic acid, by hydrolysis with aqueous 
formic acid followed by paper chromatography in 
the usual way, showed that substantially less glue. 
uronic acid residues were present in fraction C. 
Fraction E, in aqueous solution, was passed 
through mixed Amberlite IR-120 (H form) and 
IR-45 (free base form) resins and then reisolated by 
evaporation to dryness (0.035g.). It appeared to 
contain monosaccharide derivatives only, because 
there was no reaction with the phenol—sulphuric 
acid reagents (Dubois et at. 1956) after reduction 
with borohydride (compare Peat et at. 1956). Paper 
O.CH3 
CH3.A- \-_O .CH3 
O•CH3 
(I) (the configuration at the quarternary carbon is assumed)  
chromatography showed a single fast-moving spot 
with Roic values 205 (solvent E) and 19 (solvent F). 
The corresponding values for fucose were 17 and 
1•6. It gave a brown colour with p-anisidine hydro-
chloride spray, and was electrophoretically im-
mobile in pyridine—acetic acid buffer. Methylation 
with silver oxide and methyl iodide in NN-dimethyl-
formamide at 0° for the first 2hr. and then at room 
temperature, followed by the usual preparation 
and by methanolysis, gave a product that was 
identical by g.l.c. with methyl 4,6-0-(1'-methoxy-
carbonylethylidene) - 2,3 - di - 0 - methyl - afi- galacto - 
pyranoside. 
Comparison of colanic acid and other 
polysaccharides from various sources 
The capsular and slime polysaccharides from 
E. coli K12 S53, and the slime polysaccharides from 
E. coli K12 S61 and A. cloacae N.C.T.C. 5920, all 
gave identical gas chromatograms after methylation 
and methanolysis. An example is shown in Fig. 3. 
The slime polysaccharide of S. typhimurium 
SL 1543 was also similar but showed small amounts 
of 2,3,4, 6-tetra- 0-methylgalactosides and a corres-
pondingly smaller ketal peak. It was estimated 
from the peak areas that, relative to the proportion 
of 2,4,6-tri-0-methylgalactosides, the methanolysis 
products of this polysaccharide contained about 
15% less ketal than the others. 
No attempt was made to identify the methylation 
and methanolysis products from the K. aero genes 
polysaccharides or the E. coli K12 S53 lipopoly-
saccharide, other than to show that they were very 
different from the five mentioned above, and, in 
particular, that the ketal derivative was absent. 
6(Shoulder) 
houlder) 
Fig. 3. Methanolysis products of the methylated polysaccharide from E. coli S53, chromatographed on 
polyethylene glycol adipate at 175° (Pye 104 Chromatograph). The derivatives present are: 2,3-di-0-methyl-
fucosides (peaks 1, 2 and 3); 2,4,6-tri-0-methylglucosides (peaks 4 and 7); 2,4,6-tri-0-methylgalactosides 
(peaks 5 and 6); 2.0.methylfucosides (peaks 5 and 6); 2,3-di-0-methylglucuronoside methyl esters (peaks 
8 and 9); 4,6-0-(1'-rnethoxycarbonylethylidene)-2,3-di-0-methylgalactosides (peak 10). 
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The only similarity was that the polysaccharide 
from K. aero genes 1.2 gave 2,3-di-0 -methylfucosides. 
DISCUSSION 
Methylation analysis has been used to character-
ize the polysaccharide structures reported in this 
paper, together with partial fragmentation by 
a-elimination. Both methods involve conditions 
that are sufficiently basic to remove any O-acyl 
groups and no information can therefore be ob-
tained about the presence or distribution of these 
substituents, although they are known to occur in 
extracellular polysaccharides (Sutherland, 1967), 
including some of those examined here (Sutherland, 
1969). Similarly, we cannot discuss whether either 
type of acidic sugar residue is carboxyl-esterifled in 
the native state. 
The most detailed investigations were of the slime 
polysaccharide from E. coli K12 S53, which contains 
residues of galactose, glucose, fucose and glucuronic 
acid in the approximate molar proportions 2: 1:2: 1 
(Sutherland, 1969). Each sugar in the molar 
proportion of 2 gave two different methyl ethers 
after methylation and hydrolysis, whereas the others 
each gave a single methyl ether. (The di-0-methyl-
glucose is disregarded since it probably results from 
undermethylation.) The isolation of 2-0-methyl-L-
fucose suggested a branched structure for the 
polysaccharide, which was confirmed by the  
identification of galactose derivatives in substan-
tial proportions that could have arisen only from 
chain ends, namely the methyl ester methyl ether 
methyl glycosides of 4,6-0-(1'-carboxyethylidene)-
n-galactose. The same pyruvic acid ketal occurs in 
agaropectin (Hirase, 1957) and in Corynebacterium 
insidiosum polysaccharide (Gorin & Spencer, 1964), 
and the corresponding glucose ketal is an end group 
in Xanthomonas campe8tris polysaccharide (Sloneker 
& Orentas, 1962; Gorin, Ishikawa, Spencer & 
Sloneker, 1967). The configuration at the quater-
nary carbon atom usually corresponds to an 
equatorial C-methyl group (Gorin & Ishikawa, 
1967), which is the inverse of that in the 
formulae in this paper. Pyruvic acid, presumably 
in the form of ketal, is also a constituent of poly-
saccharides from Pseudomonas species, Kiebsiella 
rhinoscieromatis and many Xanthomonas species 
(Gorin & Spencer, 1964). 
The other residues shown by methylation analysis 
in the E. coli polysaccharide were 4-linked fucose, 
3-linked galactose, 3-linked glucose and 4-linked 
glucuronic acid. Information about the sequence 
was derived by partial fragmentation methods. 
Acid hydrolysis gave 3-0-(D-glucopyranosyluronic 
acid) -n-galactose as a stable product, which is 
known from other work to have the fl-configuration 
(Rodén & Markovitz, 1966; Sutherland, 1969). 
When the polysaccharide was converted into the 









CH2 . OH 
+ HO
CH . OH 
H2OH 	 HO 	 ----- 
CO.OR 
Scheme 2. Base-catalysed cleavage of colanic acid side chains after carboxyl esterification. Note that con-
figurations are assumed for galactosyl bonds and the quaternary carbon atom of the ketal ring. The alkyl 
group, R, was hydroxypropyl in (II) but was not characterized in the products; it would be methyl or 
hydroxypropyl, or both, depending on the extent of transesterification. 
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hydrous base (McCleary et al. 1967), fragmentation 
occurred with the appearance of u.v. -absorption 
bands that suggested a-elimination at the glucuron-
ate residues. This interpretation was supported by 
the loss of glucuronic acid residues shown by hydroly-
sis of a polymeric fraction of the product. The major 
product of low molecular weight was the mono-
saccharide derivative, 4,6.0- (1 '-alkoxycarbonyl-
ethylidene)-D-galactose. All the evidence would 
therefore point to the presence, in the polysacchar-
ide ester, of the feature 0-(alkoxycarbonylethylid-
ene - D - galactose) - (1-->4) - 0 - ( - D - glucopyranosyl - 
uronic acid)-(I ~3)-O-i)-gaiactopyranosyl (Ii) and 
its degradation by the path shown in Scheme 2. 
The incomplete release of ketal residues does not 
necessarily imply that they occur in an additional 
type of structural situation, for reasons already 
given (McCleary et at. 1967), and which are borne 
out because the destruction of 4-linked glucuronic 
acid residues was only partial. The segment (II) 
occurs as the terminal part of side chains that are 
joined to fucose branching residues. Various partial 
structures can be proposed on the basis of this and 
the remaining methylation evidence, and are dis-
cussed more fully in the preceding paper (Sutherland, 
1969). 
Extracellular polysaccharides that contain galac-
tose, glucose, glucuronic acid and fucose residues 
are known from other bacteria, and we compared 
several of this type by methylation analysis. By 
this criterion, essentially the same polysaccharide 
was present in E. coti K12 S53 slime, E. coli K12 S53 
capsule, E. coti K12 S61 slime, A. cloacae slime and 
S. typhimurium slime. It would therefore seem 
appropriate to use a family name, such as 'colanic 
acid' (Goebel, 1963), to refer to the whole group. 
The pattern of methyl glycosides produced by 
methylation and methanolysis (Fig. 3) can be pro-
posed as a characteristic 'fingerprint'. Physical 
properties varied widely in the group, both before 
isolation (e.g. some polysaccharides occurred as 
soluble slimes but one was a coherent capsule) and 
afterwards (E. coti S61 slime gave very much more 
viscous solutions than did E. coti S53 slime). Some 
structural variation is therefore likely within the 
group and 'colanic acid' is to be taken as a generic 
name rather than as defining a unique substance. 
Some differences in the natural state might reflect 
variations in biological organization rather than 
molecular structure. 
Our results suggest that, even between some 
bacteria that may not be closely related (e.g. E. coti 
and A. cloacae), there are close underlying similari-
ties in mechanisms of extracellular polysaccharide 
biosynthesis, just as, for example, in the synthesis 
of cell-wall peptidoglycan. Although S. typhimur-
iusn polysaccharide was unmistakably related to the 
main group, it differed in giving a slightly lower  
proportion of ketal glycoside after methanolysis 
and methylation but, instead, an approximately 
corresponding amount of 2,3,4,6 -tetra-0-methyl-
galactosides. Since the decrease in ketal was meas-
ured relative to 2,4,6-tetra-0-methylgalactosides 
and no tri-0-methylglucuronic acid derivatives were 
detected, the tetramethyl ether probably originates 
from non-reducing termini of the segment (II) 
that do not carry pyruvic acid. S. typhimurium 
polysaccharide therefore seems to be 'biosyntheti-
cally unfinished colanic acid', suggesting that substi-
tution of pyruvic acid occurs after polymerization 
rather than before. 
Another polysaccharide with the same sugar 
residues as colanic acid, namely the slime from K. 
aerogenes 1.2, was found to be different in the pro-
ducts of methylation and methanolysis. In particu-
lar, no peak of high retention time was observed on 
the gas chromatogram that might have been a fully 
methylated pyruvic ketal. Such derivatives also 
appeared to be absent from the cell-wall lipopoly-
saccharide of E. coli. The structure of certain poly-
saccharides from other K. aero genes strains has since 
been established in detail (Sandford & Conrad, 
1966; Conrad, Bamburg, Epley & Kindt, 1966; 
Gahan, Sandford & Conrad, 1967). 
We thank Dr W. D. Grant for preparing some of the 
polysaccharides, Mrs M. Groves for recording proton-
magnetic-resonance spectra, and Mr D. Thomas for record-
ing the mass spectra. We are also grateful to Dr W. Kelly 
(Unilever Research Laboratory, Colworth House, Bedford) 
for preliminary n.m.r. and mass-spectral measurements and 
for discussions, and to Sir Edmund first for his interest and 
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A study of strains from the genera Salmonella, Escherichia, and Aerobacier has 
shown that under appropriate conditions many strains produce an exopolysac-
charide slime of identical composition, which has been identified as colanic acid on 
the basis of its chemical composition and its sensitivity to certain bacteriophage-
induced depolymerase enzymes. Chemical analysis shows that the polysaccharide 
contains 0-acetyl groups in addition to the sugars glucose, galactose, fucose, and 
glucuronic acid. Mild acid hydrolysis has led to the isolation of a f.-glucosylfucose in 
addition to glucuronic acid containing oligosaccharides. Many strains were found to 
synthesize colanic acid under normal conditions of growth or under conditions 
favoring polysaccharide synthesis, whereas others only synthesized colanic acid 
when the control mechanism was derepressed by p-fluorophenylalanine. 
During Kauffmann's studies on the antigens 
of the Enterobacteriaceae, he reported an antigen 
common to several mucoid strains of Salmonella 
paratyphi B (17). This antigen was subsequently 
shown to be a polysaccharide (4), and Kauffmann 
later reported that it was common to all mucoid 
Salmonella species (18). Henriksen (14) was 
able to show that mucoid Escherichia co/i strains 
also produced this "M" antigen; Anderson (1, 
2) later showed that a large number of not nor-
mally mucoid strains in the Salmonella-Escher-
ichia group could be induced to form slime exo-
polysaccharides when grown at 15 to 20 C in 
high phosphate concentration. The slime exo-
polysaccharides produced in high phosphate 
concentration could be shown in all cases to 
contain the sugars glucose, galactose, fucose, and 
glucuronic acid (2). Other reports have described 
material of the same chemotype from E. co/i 
strains (3, 34), including strains secreting an 
additional exopolysaccharide K antigen (12, 23), 
and from Aerobacter cloacae strains (28). Goebel 
(12) called the exopolysaccharide of this chemo-
type isolated from an E. co/i strain, "colanic 
acid," and isolated antigenically similar material 
from the E. co/i K-12 line (25), suggesting that 
colanic acid may be the M antigen of Kauffmann 
and Henriksen, and identical with the exopolysac-
charides described by other workers. Recently 
Markovitz (20, 21) investigated the synthesis of 
colanic acid in E. co/i K-12 strains and showed 
'Present address: McArdle Laboratory for Cancer Research, 
University of Wisconsin, Madison, Wis. 53706.  
the involvement of a regulator gene which ap-
peared to control certain enzymes believed to be 
involved in the synthesis of colanic acid. Under 
normal conditions in most strains, the synthesis 
of colanic acid was repressed, and the bacteria 
were nonmucoid. The product of the regulator 
gene could be inactivated by growth in the 
presence of p-fluorophenylalanine, under which 
conditions the strains became mucoid (16). 
These results have led several investigators to 
suggest that there is an exopolysaccharide com-
mon to many strains within the Enterobacieri-
aceae and that it may be colanic acid. However, 
the suggestion is based largely on incomplete 
chemical characterizations of the reported exo-
polysaccharides, and the distribution of colanic 
acid within the genera of the Enterobacteriaceae 
is ill-defined. Accordingly, we have reexamined 
the occurrence of colanic acid within several 
groups of the Enterobacteriaceae. 
MATERIALS AND METHODS 
Bacterial strains. The following strains of E. calf 
K-12 were used: S22, S23, S45, S56, S53, S53C (cap-
sulate variant of S53), S61 (derived from S53), S33, 
S5, S7, and S8. Strains CA3 and CA10 were uridine 
diphosphate glucose pyrophosphorylaseless and un-
dine diphosphate galactose4-epimeraseless and were 
obtained from S. Brenner, Laboratory of Molecular 
Biology, Cambridge, England. 
The Salmonella strains listed in Table 1, other than 
the three S. typ/zimurium LT2 derivatives, were iso-
lated from pathological material at the Department of 
Bacteriology, Edinburgh Medical School. S. lyphi- 
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murium LT2 trp/ was a departmental strain. S. typhi-
murium strains SL 1543 and SL 1098, both sublines 
of LT2, were obtained from B. A. D. Stocker, Depart-
ment of Microbiology, Stanford University, Calif. 
Other strains used were Shigelia flexneri NCrC 
9725, S. flexneri  NCrC 8522, A. cloacae NCTC 5920, 
Kiebsielia aero genes type 1, K. aero genes type 54, and 
K. aerogenes A4 [used by Wilkinson, Duguid, and 
Edmunds (33)]. 
Media. All basic media were sterilized by autoclav-
ing at 121 C for 15 mm. Supplements were sterilized 
separately by membrane filtration and added asepti-
cally. Nutrient agar was prepared by dissolving 25 g of 
Oxoid No. 2 Nutrient Broth powder, and 15 g of 
Oxoid No. 2 lonagar in 1 liter of distilled water. The 
minimal medium described by Davis and Mingioli (6) 
was used, supplemented where necessary with threo-
nine, leucine, methionine, proline, thiamine, trypto-
phan, and arginine, which were added to give a final 
concentration of 0.002% (w/v), and solidified by the 
addition of 1.5% (w/v) lonagar. The minimal medium 
was also used supplemented with DL-p-fluorophenyl-
alanine as described by Kang and Markovitz (16) at a 
concentration of 5 X 10- 6 M in solid media. Nitrogen-
deficient yeast extract medium, described by Suther-
land and Wilkinson (28), was used as a medium 
enhancing polysaccharide production. 
Purification of exopolysaccharides. Bacteria were 
grown on the solid medium which gave maximal 
exopolysaccharide production. The isolation and 
purification of the exopolysaccharide slime has been 
described previously (28). 
Preparation of phage-induced depolymerase en-
zymes. The source of all the phages isolated was un-
treated Edinburgh sewage. The host organism was 
E. coil S53 which produced large amounts of exopoly-
saccharide on all types of media. Depolymerase-pro-
ducing bacteriophages were isolated by a modifica-
tion of the method described by Sutherland and 
Wilkinson (28). Sewage was membrane-filtered 
(Millipore U.K. Ltd., Wembley, Middlesex, England; 
pore size, 0.45 or 0.22 nm), and 0.5-ml samples were 
inoculated into 20 ml of nutrient broth shake cultures 
of exponentially growing S53. Incubation was con-
tinued for 4 hr at 37 C with gentle shaking; the phage 
lysate obtained was membrane-filtered. Plates of yeast 
extract medium were uniformly seeded with overnight 
broth cultures of S53 and allowed to dry. Dilutions of 
the phage lysates in broth were spotted on the plates, 
and the plates were incubated at 30 C for 48 hr. Those 
plaques showing dissolution of the thick layer of 
exopolysaccharide surrounding and overlying them 
were picked into 20 ml of nutrient broth cultures of 
exponentially growing S53. Replating and repicking 
was carried out several times to obtain pure cultures. 
Nutrient broth lysates of the phages so obtained were 
prepared by using exponentially growing S53 as host; 
they were then membrane-filtered and kept at —20 C. 
Six such isolates from different sewage samples were 
made, and the phages were designated B 1 to B 6 . 
Shake cultures (200 ml) of exponentially growing 
S53 in liquid yeast extract medium were inoculated 
with 2 to 3 ml of the phage lysates, and the flasks were 
incubated overnight at 30 C with gentle shaking. Any  
remaining cells were centrifuged off at 20,000 X g, and 
the supernatant fluid was dialyzed against frequent 
changes of distilled water for 5 days at 4 C. A 100-fold 
concentration of the supernatant fluid was achieved 
by removing the dialysis casings from the distilled 
water and surrounding them with solid polyethylene 
glycol (molecular weight 6,000) at 4 C. Such prepara-
tions were kept at —20 C without further purification. 
In the absence of any serological data at the present, it 
is not known whether the six enzyme preparations 
differ from one another or from the other preparations 
previously reported (28). The six preparations ex-
hibited no visible difference in enzymatic activity. 
Enzymatic activity was tested by preparing con-
fluent cultures of various strains on plates of solid 
media and placing drops of all six depolymerase 
preparations on the surface of such cultures. After 
incubation at room temperature for 18 hr, the plates 
were examined for depolymerase activity, evidenced 
by large depressions in the layer of exopolysaccharide 
in the area of the drops, indicating depolymerization. 
Analytical methods. Exopolysaccharide prepara-
tions were hydrolyzed in sealed ampoules in con-
centrated formic acid for 18 hr at 100 C. The formic 
acid was removed by lyophilizing, and the residue 
was rehydrolyzed for 2 hr with 1.0 N H2SO4 at 100 C 
to remove formyl esters. The solution was then diluted 
with distilled water and neutralized with Amberlite 
IRA410 (HCO 3- form). The resin was removed by 
filtration and the solution was concentrated to small 
volume. Ascending chromatography of the hydroly-
sates was carried out on thin-layer plates of 0.3-mm 
thickness prepared from MN 300 cellulose (Macherey, 
Nagel and Co., DUren, W. Germany) in the following 
solvents: (A) pyridine-ethyl acetate-acetic acid-water, 
5:5:1:3 (v/v/v/v; reference 11); (B) pyridine-butanol-
water, 6:4:3 (v/v/v; reference 31); (C) ethyl acetate-
acetic acid-formic acid-water, 18:3:1:4 (v/v/v/v; 
reference 10). High-voltage electrophoresis was 
carried out on Whatman no. 1 or 3MM paper in 
pyridine-acetic acid-water, 5:2:43 (v/v/v, pH 5.3; 
reference 27). Sugars were detected with the alkaline 
silver nitrate reagent of Trevelyan et al. (30) and 
identified by comparison with standards. For micro-
chemical work, constriction micro pipettes (H. E. 
Pedersen, Copenhagen) were used, and all glassware 
was cleaned with concentrated HNO 3 and glass-dis-
tilled water. All spectrophotometric measurements 
were carried out in a Zeiss PMQ2 spectrophotometer. 
Glucose was determined in hydrolysates with glucose 
oxidase reagent (The Boehringer Corp.); galactose 
was determined in hydrolysates with galactostat 
reagent (Worthington Biochemical Corporation); 
fucose and glucuronic acid were determined on un-
hydrolyzed material by the method of Dische and 
Shettles (7) and Bowness (5), respectively. 
Enzymes. Yeast a-glucosidase, almond 6-glucosi-
dase, and mollusk -glucuronidase were commerically 
available. 
RESULTS 
Exopolysaccharide production. Plates of media 
were inoculated from overnight streak cultures 
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of the same medium incubated at 30 C. They 
were incubated at 30 C for 24 hr or at 20 C for 
7 days and then examined for exopolysaccharide 
production. Strains which produced a large 
amount of exopolysaccharide were easily rec-
ognized on solid media, forming large, raised 
viscous colonies in contrast to the more com-
monly encountered small flat colonies charac-
teristic of most of the coliform group. The exo-
polysaccharide production of the strains tested 
is shown in Table 1. Of 13 strains of E. co/i 
K-12 examined, 9 produced exopo!ysaccharide 
on one or more types of media, ranging from 
the copiously mucoid S53, S53C, S61, S8, and 
S33 types to others such as S7 and S56, which 
produced only small amounts of exopolysac-
charide after long incubation at low temperature. 
Of 21 Salmonella species, 13 produced exo-
polysaccharide in varying amounts. Although 
yeast extract medium was the most useful medium 
for enhancing exopolysaccharide production, 
none of the media used enhanced exopolysac-
charide production in all strains. Examination 
of all the strains which produced exopolysac- 
TABLE 1. Exopolysaccharide production 
Conditions of growth" 
Organism Nutrient agar Yeast extract Minimal medium 
30C,24hr 20C,7days 30C,24hr 20C,ldays 30C,24hr 20C,7days 
CA3 ................................ - - - - - 
CA1O ............................... - - - - - - 
S5 .................................. - - - - - - 
S7 .................................. - 
.. 
- - ± - ± 
++ ++b ++ ++ ++ b 
S22 ................................. ++b ++ ++ ++b ++b ++ 
- - - - - - 
± +b ++b ++b + 
S45 ................................. - - - ± ± 
++' ++ ++ ++ ++' b 
S53c ................................ ++' ++ ++ ++ ++ ++' 
S56 ................................. - - - ± - - 
S6l 	................................. ++ ++ ++ ++b ++ .fb 
++ ++ ++e ++ ++' ++ 
Salmonella anatum .................. 0 0 - + + + 
0 0 - +b 
0 0 - - - - 
S8................................... 







S.bredeney ......................... 0 0 - - - - 
S53.................................. 
S. choleraesuis var. kunzendorf 0 
.. 
0 - + + ++" 
S. 	enieriditis ....................... 0 0 - ± + + 
Aerobacter cloacae 5920.............. 
S. 	heidelberg ........................ 0 
.. 
0 - . 	- ± +1 
0 0 - - + + 
S. 	bareilly. 	 .......................... 
S. 	blackley ........................... 
S.paratyphiB ...................... 0 0 - +b ++ 
0 0 - - - - 
0 0 ± ± + + 
S. 	montevideo ........................ 
S. 	saint-paul ........................ 0 0 - - - - 
S.poona .............................
S. 	stanley ........................... 0 0 - - - - 
S. poisdam ...........................
S. 	zuebingen ......................... 0 
.. 
0 - - - - 















++' ++ ++ ++" ++ ++ 
S. typhimurium LT2 ................. ± + ++b ++5 ++b ++b 
S. 	worthington ..................... 0 0 - - - 
S. typhimurium 1098.................. 
0 
. 
0 - - - Salmonella sp. M28246 ................
Shigella flexneri 9725................ - 
.. 
- - - - - 
S.flexneri 8522 .................... .- 
. 
- - - - - 
"Symbols: +, visible exopolysaccharide production; -, no visible exopolysaccharide production; 
0, not tested. 
Indicates tested with phage-induced ctepolymerase enzymes. 
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charide revealed, by the India ink method of 
Duguid (8), that all of the strains were non-
capsulate, with the exception of S53c which had 
been originally isolated as a colony resistant 
to several nondepolymerase-producing coil-
phages (28). Two strains of S. flexneri did not 
not produce visible exopolysaccharide, whereas 
A. cloacae was mucoid as previously reported 
(28). 
Chemical composition of exopolysaccharides. 
Exopolysaccharide preparations from a number 
of strains grown on different types of media at 
20 and 30 C were examined for sugar composi-
tion. Chromatographically, hydrolysates of all 
the exopolysaccharide preparations examined 
showed the same components in solvents A, B, 
and C, namely, glucose, galactose, fucose, and 
glucuronic acid. To determine whether this 
similarity was reflected in the quantitative com-
position, analyses were made on the exopolysac-
charides of 15 strains, including the identification 
and assay of 0-acetyl groups in some of the 
preparations by the methods of Thompson (29) 
and Hestrin (15), respectively (Table 2). There 
appears to be little significant difference in the 
quantitative analyses of the sugar components, 
and of the 0-acetyl content of the preparations 
examined. 
The average per cent composition of the sugars 
found, namely, 27.6% fucose, 29.4% galactose, 
15.6% glucose, and 18.5% glucuronic acid, 
infers a molar ratio of 2:2:1:1, respectively, 
agreeing well with figures previously reported 
for colanic acid (12, 25). 
To provide further indications of the similarities 
of the exopolysaccharides produced by strains 
in different genera, 1 % (w/v) solutions of exo-
polysaccharides from E. co/i S53, A. cloacae 
NCTC 5920, and S. typhimurium SL 1543 were 
passed through amberlite IRA 120 H resin to 
convert them to the acid form. Portions (100 ml) 
of each were heated in sealed tubes at 100 C 
for 16 hr and then dialyzed against distilled 
water. The dialyzable material was lyophilized 
and subjected to electrophoresis at 80 to 100 
ma, 2,000 v, for 1 hr to separate neutral and 
changed material. 
On chromatography of the neutral material in 
solvent B, each preparation was found to contain 
fucose, glucose, galactose, and a spot moving 
slower than galactose. This proved to be an 
oligosaccharide containing glucose and fucose in 
equimolar proportions. All the fucose was 
reduced to fucitol on treatment with sodium 
borohydride. Under conditions where cellobiose 
was 100% hydrolyzed by $-glucosidase, this 
fraction was 48% dissociated to its monosac-
charide components; a-glucosidase had no 
effect. 
The fastest-moving charged oligosaccharide 
in all three cases proved to contain equal amounts 
of galactose and glucuronic acid, all of the 
former sugar being converted to galactitol by 
borohydride treatment. The enzyme 0-glucuroni-
dase caused 85 1yo hydrolysis to the component 
sugars. The same charged oligosaccharide was 
obtained from all three exopolysaccharide prepa-
rations by hydrolysis [1% (w/v) solutions] in 
TABLE 2. Quantitative analyses of exopolysaccharides" 
Organism Conditions of growth Fucose Galactose Glucose rl''d O-acetyl 
S53 Yeast extract, 30 C, 24 hr 29.3 30.9 13.3 17.2 7.3 
S53C Minimal medium, 20 C, 7 days 32.0 29.1 14.7 17.1 5.9 
S61 Yeast extract, 30 C, 24 hr 26.8 28.7 13.9 18.3 6.0 
S8 Yeast extract, 20C, 7 days 27.1 31.2 16.3 17.4 
S22 Yeast extract, 30 C, 24 hr 31.0 31.7 17.0 19.1 
S33 Yeast extract, 20 C, 7 days 27.9 28.4 16.0 19.2 
S45 Yeast extract, 20 C, 7 days 26.1 27.4 15.1 17.9 
Aerobacter cloacae 5920 Nutrient agar, 20 C, 7 days 26.2 28.9 15.4 16.1 6.3 
Salmonella bareilly Minimal medium, 20 C, 7 days 29.0 32.0 17.3 21.2 
S. c/,oleraesuis var. kim- Minimal medium, 30 C, 24 hr 24.0 25.2 17.1 17.2 
zendorf 
S. enteriditis Minimal medium, 20 C, 7 days 28.1 29.1 19.2 23.5 
S. paratyphiB Minimal medium, 30 C, 24 hr 23.5 27.2 15.2 15.9 
S. typhimurium 1543 Yeast extract, 20C, 7 days 27.8 31.0 14.9 21.0 5.6 
S. typhimurium LT2 Minimal medium, 30 C, 24 hr 29.0 31.2 13.3 19.3 
S. typhimurium 1098 Yeast extract, 30 C, 24 hr 26.1 29.2 16.1 17.4 5.5 
Results are expressed as the average of at least four estimations. 
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1.0 N H2SO4 at 100 C for 30 to 45 mm, followed 
by neutralization with Ba(OH) 2 and electro-
phoresis. 
Sensitivity of exopolysaccharides to depoly-
merase enzymes. The apparent high specificity 
of phage-induced depolymerase preparations was 
reported previously (26, 28). The specificity of 
the preparations available was indicated by 
testing three types of K. aero genes exopolysac-
charides. Two such exopolysaccharides, produced 
by strains A4 and type 54, were known to have 
different chemotypes from the exopolysaccharides 
under investigation (32, 33), whereas type 1 had 
the same chemotype (9). Confluent cultures of 
the three strains on plates of yeast extract medium 
were prepared and tested with drops of all six 
depolymerase preparations. It was clearly indi-
cated that all three K. aero genes exopolysac-
charides were insensitive to all of the depoly-
merase preparations, whereas, in the strains 
which elaborated sufficient exopolysaccharide 
to be tested (Table 1), the exopolysaccharides 
were sensitive to all the depolymerases. 
Production of exopolysaccharides in the presence 
of p-fluorophenylalanine. Strains which appeared 
nonmucoid or only slightly mucoid on the media 
already tested were grown on minimal p-fiuoro-
phenylalanine medium, supplemented if necessary 
with growth factors, as described by Kang and 
Markovitz (16), at 37 C for 24 hr, followed 
by 7 days at 20 C. The plates were examined for 
production of exopolysaccharide (Table 3). 
Of eight strains of E. coil K-12 considered to be 
nonmucoid on ordinary media or producing only 
small amounts of exopolysaccharide, three 
produced a large amount of exopolysaccharide 
in the presence of p-fluorophenylalanine and 
two of the others appreciably more than on 
ordinary media. Of 13 strains of Salmonella 
considered to be nonmucoid or only slightly 
mucoid on ordinary media, 7 became mucoid 
in the presence of p-fiuorophenylalanine, and 2 
others elaborated more exopolysaccharide than 
on ordinary media. Of the strains producing 
exopolysaccharide, those that elaborated suffi-
cient exopolysaccharide were tested with depoly -
merase preparations, and in all cases the exo-
polysaccharides were sensitive (Table 3). The two 
S. flexneri strains did not produce exopolysac-
charide under these conditions. 
DISCUSSION 
The results suggest that a large number of 
strains in the Escherichia-Salmonella-Aerobacler 
group have the genetic potential for synthesis of 
an identical exopolysaccharide. Analysis of a 
Minimal PFAb Organism 	 I medium (3 F7 C, Mm "'] edium I 24 hr followed 1(20 C, 7 day 	 by 20 C, 7 days) 
CA3 ............ 	. 
	
....... - - 





- ++ S5 .............. 
	
..... .. 
S7....................... ± +' 






Salmonella blackley - ± 
- + 
S56......................







S. montevideo ........... 
± ± 
S. poona ................. 
S. poisdam .............. 
S. stanley + 
S. 	saint-paul............. 
S. 	tuebingen ............. - + 
S. 	typhi................ ± + 
S. typhimurium 1543 ± 
. 
± ± 




Shigella flexneri 9725.. - 
S.flexneri 8522 ........ .- - 
Symbols: +, visible exopolysaccha ride pro-
duction; —, no visible exopolysaccha ride produc-
tion. 
b p-Fluorophenylalanine. 
'Indicates tested with phage-induced depoly-
merase enzymes. 
representative marker of the exopolysaccharides 
produced showed that in each case the qualitative 
and quantitative composition of the product 
corresponded well with the figures quoted for 
the exopolysaccharide given the name "colanic 
acid" (12, 25). Furthermore, partial cleavage of 
purified exopolysaccharide preparations from 
strains of three genera, E. coil S53, S. typhimurium 
SL 1543, and A. cloacae NCTC 5920, by auto-
hydrolysis and partial acid hydrolysis has shown 
an identical pattern of oligosaccharides, including 
a -glucosylfucose and an aldobiuronic acid 
containing galactose and glucuronic acid, which 
may be identical with the 3-0-$-D-glucuronosyl-
galactose isolated from colanic acid by Rodén 
and Markovitz (24). 
Sutherland and Wilkinson (26, 28) obtained 
results which suggested that depolymerase en-
zymes induced by bacteriophages were active 
only on exopolysaccharides identical to that of 
TABLE 3. Exopolysaccharide production in the 
presence of p-fluorophenylalanine 
Conditions of growth' 
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the host cell. By using an E. coil K-12 strain as 
host, several depolymerase preparations were 
obtained which were shown to be active on all 
the exopolysacch'arides from the Salmonella-
Escherichia-Aerobacter group tested. However, 
the preparations were inactive on three K. aer-
ogenes exopolysaccharides, two of different 
chemotype from that of the host cell and one of 
the same chemotype, suggesting high specificity. 
In view of the evidence that the exopolysac-
charide of E. coil K-12 is colanic acid (10), it 
seems likely that the depolymerase preparations 
are specific for colanic acid and that their use 
as a "typing" mechanism for exopolysaccharides 
affords an accurate and convenient method for 
determining similarities in the absence of a 
reliable precipitating antiserum. We have been 
unable, however, to produce such an antiserum 
in a number of different types of experimental 
animals. 
It is probable that those exopolysaccharides 
produced by several Salmonella species (Table 1) 
which we have not fully characterized are also 
colanic acid. The results suggest that there is a 
pattern of repression of colanic acid synthesis 
within the Salmonella genus which is similar to 
that in the E. coil K-12 line described by Kang 
and Markovitz (25). 
A number of E. coil strains did not appear to 
synthesize colanic acid even in the presence of 
p-fluorophenylalanine, and it may be that in 
these strains a deficiency exists in one or more 
of the enzymes involved in colanic acid syn-
thesis. In particular, E. coil K-12 strains CA3 
and CA10 are uridine diphosphogalactose 
(UDPGaI)-4-epimeraseless and uridine diphos-
phoglucose (UDPG) pyrophosphorylaseless mu-
tants, respectively. Since colanic acid contains 
galactose and glucose, the inability of these 
strains to synthesize one or other of these sugars 
as uridine derivatives, and the concomitant 
inability of either strain to synthesize colanic 
acid, suggests the involvement of UDPG and 
UDPGa1 in the synthesis of the polymer. In a 
later paper, the isolation of nucleotide derivatives 
of the sugars found in colanic acid and the levels 
of enzymes involved in their synthesis will be 
described more fully. 
We have not examined any of the other groups 
within the Enterobacteriaceae, such as the genera 
Erwinia or Serratia, which are known to produce 
exopolysaccharides, but we are not aware of any 
material resembling colanic acid being isolated. 
Similarly, to our knowledge there are no reports 
of mucoid Shigella being isolated, and two 
strains of S. flexneri tested failed to become 
mucoid even in the presence of p-fluorophenyl-
alanine. However, the transfer from S. dysen- 
teriae to E. coil of a factor which repressed 
colanic acid synthesis has been reported (22). 
In addition, it was reported (13) that several 
factors, including mucoidness, could be rapidly 
transferred among various E. coil strains, but, 
whereas the other factors were expressed on 
transfer to S. flexneri, the mucoid characteristic 
was not. The possession of a repressor of colanic 
acid synthesis suggests that the Shigellae may 
have the genetic potential for the synthesis of 
colanic acid but may normally be repressed in the 
same way as some Salmonella and Escherichia 
strains. In this case, it seems that the repression 
cannot be overcome in the presence of p-fluoro-
phenylalanine. The genus Kiebsielia encompasses 
a large number of antigenically distinct capsulate 
strains, and despite the plethora of information 
available about the composition of the capsular 
material, there are few reports of material of the 
same chemotype as colanic acid. We have shown 
that one such exopolysaccharide is quite different 
from colanic acid. It has been said (19) that 
colanic acid is the M antigen of the Enterobacteri-
aceae, but it seems that the spread of colanic acid 
may be restricted within the Enterobacteriaceae to 
those bacteria which are normally found as in-
habitants of the intestine, such as the Salmonella-
Escherichia-Aerobacter group. This may be a 
reflection of the easy genetic exchange between 
some of the members (13, 22). Colanic acid may 
thus be the M antigen of the enterobacteria sensu 
strictu, rather than of the Enterobacreriaceae. 
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Control of Colanic Acid Synthesis 
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The nucleotide pools of certain mucoid, colanic acid-synthesizing strains of 
Escheric/zia coil, Salmonella lyphiniurium, and Aerobacler cloacae were examined, 
and in all cases the nucleotide sugars uridine-5'-diphosphate glucose (UDPG), 
uridine-5'-diphosphate galactose (UDPGaI), guanosine-5'-diphosphate fucose 
(GDPF), and uridine-5'-diphosphate glucuronic acid (UDPGA) were detected. It 
is postulated that these nucleotide sugars are precursors in the synthesis of colanic 
acid. The levels of these nucleotide sugars and of the enzymes involved in their syn-
thesis were examined in a number of mucoid strains and compared with the levels 
found in certain strains which were repressed in the synthesis of colanic acid, only 
becoming mucoid when grown in the presence of p-fluorophenylalanine (PFA). The 
levels of UDPG and UDPGa1 and the enzymes involved in their synthesis were 
substantially the same in both mucoid and repressed types, but the levels of UDPGA 
and GDPF and of some of the enzymes involved in their synthesis were much higher 
in mucoid strains. When repressed strains were grown in the presence of PFA, the 
levels of UDPGA and GDPF approached those found in mucoid strains. The 
existence of an operon, containing genes coding for certain key enzymes involved in 
colanic acid synthesis has been suggested. 
The concept of an exopolysaccharide common 
to a large number of the Enierobac!eriaceae has 
been discussed several times (1, 2, 10, 13) largely 
on the basis of the monosaccharide composition 
of various preparations examined. This common 
exopolysaccharide has been suggested to be 
colanic acid (27), originally isolated and charac-
terized as an extracellular heteropolysaccharide 
from Escherichia coil K235, containing glucose, 
galactose, fucose, and glucuronic acid as its 
monomer constituents (7). The structure of this 
heteropolysaccharide has since been elucidated 
(14, 32), and a repeating hexasaccharide contain-
ing glucose, galactose, fucose, and glucuronic 
acid (1:2:2:1) has been postulated. In addition, 
the repeating unit contained a pyruvate residue 
attached in a ketal linkage to one of the galactose 
moieties and an o-acetyl group attached to the 
glucose moiety. 
Markovitz (15-17, 19) has investigated the 
synthesis of colanic acid in E. coii K-12 and has 
shown that exopolysaccharide synthesis is con-
trolled by at least two regulator genes. The 
product of one regulator gene, R, (15), later 
designated Cap R (16), appeared to control 
several enzymes believed to be involved in colanic 
acid synthesis such as phosphomannose isom- 
I Present address: Department of Genetics, University of Lei-
cester, Leicester, England.  
erase, 	uridine -5'- diphosphate 	galactose 
(UDPGaI) -4-epimerase, and guanosine-5 '-diphos-
phate fucose (GDPF) synthetase. Cap R was 
subsequently found in S/ti gella dysenteriae (18). 
Another regulator gene, R 2 or Cap S (17), did not 
appear to control the level of any of the enzymes 
tested. Later work by Kang and Markovitz (12) 
indicated that many strains normally considered 
to be nonmucoid could be induced to become 
mucoid when grown in the presence of p-fluoro-
phenylalanine (PFA). The exopolysaccharide 
produced under those conditions had the same 
chemotype as colanic acid, and a concomitant 
increase in UDPGaI-4-epimerase and GDPF 
synthetase could be demonstrated. It was sup-
posed that growing the cells in the presence of 
PFA interfered with the product of the regulator 
gene. The inference was that all strains of E. coil 
K-12 possessed the genetic ability for the synthesis 
of colanic acid, but that the majority had this 
ability repressed by a regulator gene. Strains 
which were normally mucoid were considered to 
be derepressed. 
Recently, a more comprehensive study (8) of 
the occurrence of colanic acid within the Entero-
bacteriaceae has been made. A method of iden-
tifying colanic acid by "typing" it with certain 
bacteriophage-induced depolymerase enzymes 
was developed, and, on the basis of this and 
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conventional chromatographic studies, the earlier 
inferences about the wide general occurrence of 
colanic acid were confirmed. It was suggested 
that colanic acid is a common antigen associated 
with the Escherichia, Salmonella, and Aerobacter 
groups rather than with all the Enierobacter,aceae. 
In addition, it was shown that many Salmonella 
strains considered nonmucoid could synthesize 
colanic acid when grown in the presence of PFA, 
suggesting that a similar pattern of repression and 
derepression exists within the Salmonellae as 
with E. coli K-12. 
The results of Kang and Markovitz (12) and 
Markovitz (15) indicated that the control of 
synthesis, although genetic in origin, may lie at 
the nucleotide sugar level. We examined the 
nucleotide pools of certain mucoid strains, at-
tempting to detect possible precursors involved in 
the synthesis of colanic acid. To gain more in-
sight into the control mechanism, we also com-
pared the nucleotide pools and levels of possible 
precursors in certain mucoid strains with those of 
certain repressed strains, grown on normal media 
and derepressed by growth in the presence of 
PFA. 
MATERIALS AND METHODS 
Bacterial strains. The following strains have already 
been described (8): E. co/i K-12 strains S53, S61, S22, 
S8, S56, CAb, and CA3; A. cloacae NCTC 5920; 
and Salmonella typhimurium SL 1098. CA1OR is a 
galactose-positive revertant of CAb. S22M, a 
mutant of S22, is mucoid only in the presence of PFA 
Media. Nutrient broth and solid minimal medium 
containing PFA have already been described (8). 
The liquid minimal PFA medium used was similar to 
solid minimal PFA medium, except that it was sup-
plemented with 8 X 10 PFA as described by Kang 
and Markovitz (12). 
Preparations of nucleotide extracts. Cells were grown 
in nutrient broth for 18 hr or in liquid PFA medium 
for 4 to 5 days in 200-ml shake cultures in 500-ml 
Erlenmeyer flasks at 30 C. Centrifugation of the cells 
was carried out at 20,000 X g with a continuous-action 
rotor at 0 C. The resultant cell paste was suspended in 
a small volume of ice-cold 0.85% (w/v) saline and 
poured into 3 volumes of boiling 95% (v/v) ethanol. 
While extracting the mixture with stirring for 15 mm, 
the ethanol-water mixture was maintained at boiling 
point. Cell debris was removed by centrifugation at 
500 X g, and the extract was concentrated to small 
volume on a rotary evaporator at 20 C. The extract 
was deproteinized by shaking with an equal volume 
of chloroform for 10 to 15 min and by centrifuging at 
40,000 )< g; the aqueous layer was removed and kept 
at —20 C until used. 
Analysis of nucleotide pools. Column chromatog-
raphy of nucleotide extracts was carried out on 
cellulose on columns (Whatman ET1I Ecteola; 
25 by 1 cm or 45 by 1.5 cm) by a modification of the 
method described by Nilsson and Sjunnesson (22). 
A 1.0 M concentration of triethylammonium acetate 
was prepared by adjusting a solution of triethylamine 
in distilled water to pH 4.0 or 6.0 with glacial acetic 
acid. ET1I cellulose powder was suspended in 0.5 N 
NaOH under vacuum for 30 min and then washed on 
a sintered glass pad under suction with distilled water 
until the washings were neutral. The powder was then 
resuspended in 1.0 M triethylammonium acetate (pH 
4.0) and again degassed for 30 mm. Columns were 
packed under gravity and equilibrated with the same 
buffer for 24 hr at a flow rate of 25 ml/hr. The column 
was then washed with distilled water for 24 hr at the 
same flow rate, and the nucleotide extract was ab-
sorbed by washing it into the top of the column with a 
little distilled water. Material from 20 g (dry weight) 
of cells could be applied to the larger column and 
5 g (dry weight) to the smaller. A buffer gradient 
system was set up, comprising a closed mixer volume 
of 500 ml of distilled water into which a reservoir 
syphoned. Effluent from the mixer vessel was pumped 
through the column at 25 ml/hr, and the column 
effluent was continuously monitored at 254 nm. 
Initially, water was passed through to elute any 
uncharged ultraviolet (UV)-absorbing substances. A 
large peak of material was quickly eluted with distilled 
water. As soon as the UV absorbance returned to zero, 
the distilled water in the reservoir was replaced with 
0.5 M triethylammonium acetate (pH 6.0), and 10-ml 
fractions were collected. About 1,200 ml of buffer 
was required to elute all the UV-absorbing material. 
Peaks were collected and freeze-dried several times to 
remove the solvent. Further fractionation was carried 
out by paper electrophoresis on Whatman no. 1 or 
3 MM paper in pyridine-acetic acid-water (5:2:43, 
v/v/v, pH 5.3; reference 34). Guide strips were 
stained for phosphorus, and phosphorus-containing 
areas were eluted. Fractions obtained by electro-
phoresis were subjected to ascending chromatography 
on thin-layer plates of 0.3-mm thickness prepared from 
MN 300 cellulose (Macherey, Nagel and Co., Düren, 
W. Germany) incorporating 2 0/0 (w/w) luminescent 
material (type H 93 green; Levy West Laboratories, 
Ltd., Harlow, England) in the following: solvent A, 
saturated (NH 4) 2SO 4-1.0 M sodium acetate (pH 7.5)-
isopropanol (80:18:2, v/v/v; reference 25) and 
solvent B, 1.0 M ammonium acetate-ethanol, (3:7, 
v/v; reference 24). 
Nucleotides were identified by comparison with 
standards in electrophoresis and in solvents A and B. 
Nucleotide sugars were identified, in addition, by 
elution, hydrolysis in 0.01 N HCI at 100 C for 10 mm, 
followed by chromatography in solvents A and B 
to identify the nucleotide diphosphate moiety released, 
and then by chromatography in solvent C [pyridine-
butanol-water (4:6:3, v/v/v, reference 37)] andsolvent 
D [pyridine-ethyl acetate-acetic acid-water (5:5:1:3, 
v/v/v/v; reference 5)] to identify the sugar moiety 
released. 
UV-absorbing material was observed on thin-layer 
plates under illumination at 253.7 nm as dark-blue 
spots on a fluorescent-green background. Less than 1 
jig could be detected. Sugars were observed in solvents 
C and D by the alkaline silver nitrate method of 
Trevelyan et al. (35). 
Sugar nucleotides eluted from Ecteola columns 
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were assayed as follows: uridine-5 '-diphosphate 
glucuronic acid (UDPGA) was determined by the 
carbazole method (3); uridine-5'-diphosphate glucose 
(UDPG) was determined by using the enzymatic 
method of Strominger, Maxwell, and Kalckar (30); 
UDPGaI was determined after hydrolysis in 0.01 N 
HCI at 100 C for 10 mm, the galactose released being 
assayed by Galactostat reagent (Worthington Bio-
chemical Corp.). GDPF was determined on material 
eluted after further fractionation by electrophoresis, by 
the method of Dische and Shettles (4). 
Enzyme assays. Cell-free extracts were obtained by 
growing cells for 18 hr in nutrient broth and treating 
the cell suspension as follows: centrifuging at 20,000 X 
g, washing twice with ice-cold 0.85% (w/v) saline, 
suspending the cells from the 500-ml culture in 10 ml 
of ice-cold distilled water, disrupting them with 
ultrasonic disintegration at 20 kc/sec for 90 sec, and 
cooling in ice. The lysate was centrifuged at 100,000 x 
g for 30 mm, and the supernatant fraction was kept 
on crushed ice. Assays were performed on freshly 
prepared supernatants. 
UDPGa1-4-epimerase was assayed by the two-step 
procedure of Imae, Morikawa, and Kurahashi (11); 
phosphoglucomutase was assayed by the method of 
Najjar (21); phosphoglucose isomerase and phospho-
mannose isomerase were assayed by the method of 
Slein (28); UDPG pyrophosphorylase was assayed by 
the method of Munch-Petersen (20); UDPG de-
hydrogenase was assayed by a modification of the 
method described by Strominger, Maxwell, and 
Kalckar (30). Since most of the UDPG dehydrogenase 
activity appeared to be bound to particulate material, 
broken-cell preparations were used, prepared in the 
same way as the cell-free extracts except that the final 
centrifugation at 100,000 X g was omitted. The assay 
mixture consisted of: 15 mm MgCl 2 ; 150 mm glycine-
NaOH (pH 8.7); 0.3 mm UDPG; and 0.5tic/ml 
4C-UDPG. After incubation at 30 C for 30 mm, the 
reaction was stopped by boiling for 90 sec and then by 
transferring the mixture to crushed ice. Precipitated 
protein was removed by centrifugation at 1,000 X g, 
and the supernatant fraction was subjected to paper 
electrophoresis. The areas corresponding to UDPG 
and UDPGA were cut out and counted in a scintil-
lator with a toluene base; GDPF synthetase complex 
was detected by using the reaction mixture described 
by Ginsburg (6). After incubation at 30 C for 1 hr, 
the reaction was stopped by boiling, and then by 
transferring the mixture to crushed ice. The precipi-
tated protein was removed by centrifugation at 
1,000 x g, and the supernatant was acidified to pH 1 
with HCI. After heating at 100 C for 10 mm, the 
mixture was desalted by electrophoresis in the pre-
viously described buffer, and the area of the origin 
was eluted and subjected to thin-layer chromatography 
in solvents C and D to determine the appearance of 
fucose. 
Enzymes and chemicals. All the common bases, 
nucleotides, and nucleoside mono-, di-, and triphos-
phates were available commercially, as were UDPG, 
UDPGaI, uridine-5'-diphosphate (UDP)-N-acetyl-
glucosamine, guanosine-5 '-diphosphate mannose 
(GDPmannose), UDPGA, and 14C-UDPG (76 mc!  
mmole); N-acetylmuramic acid was prepared by 
acetylating commercially available muramic acid (31) 
and purified by electrophoresis; 2-keto, 3-deoxyoctonic 
acid (KDO) was prepared from a lipopolysaccharide 
(LPS). The following enzymes used in the assays were 
obtained commercially: glucose-6-phosphate de-
hydrogenase, phosphoglucomutase, phosphoglucose 
isomerase, and UDPG dehydrogenase. 
RESULTS 
E. co/i S53, a strain which was mucoid on all 
types of media, was selected as a typical example of 
a colanic acid-synthesizing strain to establish 
which nucleotide sugars might be precursors in 
colanic acid synthesis. Nucleotide extracts were 
prepared and analyzed by a combination of 
column chromatography, paper electrophoresis, 
and thin-layer chromatography. A typical UV 
trace of the eluate from column chromatography 
of such an extract is shown in Fig. 1. In addition 
to the large peak of UV-absorbing material 
which was eluted from the column with distilled 
water, there were some eight to nine other major 
peaks which were eluted by the buffer gradient 
system. In this investigation we were particularly 
interested in those peaks containing sugars and 
did not identify many of the UV-absorbing sub-
stances which were detected on thin-layer 
chromatography, but released no sugar com-
ponents on hydrolysis. The nucleotide sugars 
were eluted in three main peaks, peaks 4, 7, and 8. 
Of the other peaks, peak 2 was of interest because, 
BWflR 
50 	 100 	 150 
TUBE NO. 
Fio. i. column chromatography of the nucleotide 
pool from Escherichia coli S53. Abbreviations: NAD 
and NADH, oxidized and reduced nicotinamide adenine 
dinucleotide; NADP and NADPH, oxidized and re-
duced nicotinamide adenine dinucleotide phosphate; 
KDO, 2-kezo,3-deoxyoctonic acid; UDPG, uridine-5'-
dip/zosphate glucose; UDPGaI, uridine-5'-diphosphare 
galactose; GDPF, guanosine-5'-dip/,osp/zate fucose; 
dTDPRIz, t/zymidine-5'-dip/zosphate rhamnose; UDP-
NAcGNH 2 , uridine-5'-diphosphate N-acetylglucosa-
mine; UDPNAcMurA, uridine-5'-diphosp/zate N-
acetylinuraniic acid; UDPGA, uridine-5'-diphosp/zate 
glucuronic acid; and FAD,flavi,z adenine dinucleotide. 
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in addition to a mixture of oxidized and reduced 
coenzymes, it contained a small amount of a 
free sugar which proved chromatographically 
and electrophoretically identical to a sample of 
KDO. Since KDO is found in the LPS of E. co/i 
K-12 (Grant, unpublished data), then presumably 
the free KDO is a breakdown product of cyti-
dine-5'-monophosphate-KDO, the precursor in-
volved in KDO transfer to LPS in E. co/i (9). 
Peaks 5 and 6, in addition to being a mixture of 
UV-absorbing substances, also contained a 
mixture of mannose and glucose phosphates, 
identified on the basis of electrophoretic mobility 
and chromatography of the sugar released after 
hydrolysis in I N H2SO 4 for 1 hr. 
Of the three peaks containing sugar nucleotides, 
peak 4 contained a mixture of UDPG, UDPGaI, 
GDPF, and thymidi ne-5'-diphosphate rhamnose 
(dTDPRh). Presumably dTDPRh is a precursor 
in LPS biosynthesis, since this strain, in addition 
to KDO, has heptose, glucose, galactose, rham-
nose and N-acetylglucosamine in the LPS 
(Grant, unpublished data). Of the other three 
nucleotide sugars in this peak, two of the sugar 
moieties, glucose and galactose, are found both 
in LPS and colanic acid; the other, fucose, only in 
colanic acid. Peak 7 was a useful marker peak, 
being yellow from the presence of a flavin-con-
taming coenzyme. This was probably flavin 
adenine dinucleotide, since hydrolysis released a 
UV-absorbing, nonfluorescent substance with 
the chromatographic mobility of adenosine 
diphosphate (ADP). The peak also contained 
a component which was chromatographically 
homogeneous in solvents A and B. When hy-
drolyzed, it gave a single UV-absorbing com-
ponent identified chromatographically as UDP, 
and two different sugar components which gave 
positive tests for N-acetylated amino sugars. They 
were identified chromatographically as N-acetyl-
glucosamine and N-acetylmuramic acid in sol-
vents C and D. Presumably, the initial chro-
matographically homogeneous component was a 
mixture of UDP-N-acetylglucosamine and UDP-
N-acetylmuramic acid, the first concerned in 
peptidoglycan biosynthesis, the second both in 
peptidoglycan and LPS biosynthesis. Peak 8 was 
chromatographically homogeneous and con-
tained UDPGA, glucuronic acid being found 
only in colanic acid. No other nucleotide sugars 
were detected in the soluble pool, despite the fact 
that GDPF has been shown to be synthesized via 
GDPmannose in other systems, and that the 
heptose in the LPS and glucose in bacterial 
glycogen may have GDP- and ADP-linked 
precursors, respectively. 
Similar analyses were made on the other 
mucoid K-12 strains and on A. cloacae and S.  
typhimurium. Although there were variations in 
the general pattern from strain to strain, in all 
cases the nucleotide sugars dTDPRh, UDPG, 
UDPGaI, GDPF, and UDPGA were detected, 
and no other nucleotide derivatives of the five 
sugars were present. Also, S. typhimurium had a 
large amount of a cytidine-5'-diphosphate (CDP) 
sugar in the peak 4 region, which was probably 
CDP abequose, a LPS precursor (36). 
Quantitative analysis of the nucleotide deriva-
tives of the four sugars found in colanic acid 
were made (Table I), comparing the strains which 
were mucoid on all types of media with those 
which were only mucoid in the presence of PFA 
or were known mutants. Strains S56 and S22M 
were mucoid only in the presence of PFA, S22M 
having originally been isolated as a nonmucoid 
colony on a nutrient agar streak plate of S22, 
made from an old stock culture kept on nutrient 
agar. Analysis of the nucleotide pools of both 
strains (Table 1) grown in nutrient broth showed 
that the level of UDPGA was only about 57, of 
that found in mucoid strains, and that GDPF 
could no longer be detected chromatographically. 
UDPG and UDPGa1 were present at essentially 
the same concentration as in mucoid strains. 
However, when grown on PFA, the levels of 
UDPGA and GDPF approached those of 
normally mucoid strains. In strain CA3, a 
UDPGa1-4-epimerase-less mutant, analysis of 
the nucleotide pool showed that UDPGa1 was 
lacking, but that the overall pattern was similar 
to that of S22M and S56 and that, in the presence 
of PFA, the levels of GDPF and UDPGA in-
creased markedly although the strain did not 
synthesize colanic acid, presumably because of the 
enzyme defect and unavailability of UDPGa1. 
Strain CAM is a UDPG pyrophosphorylase-less 
mutant and was expected to lack UDPG and also 
UDPGa1 and UDPGA, since these are synthesized 
from UDPG. However, small amounts of UDPG, 
UDPGaI, and UDPGA were detected (Table 1), 
suggesting that the enzyme defect was leaky or 
that revertants arose in the culture The latter 
appeared to be the case, since revertants were 
readily picked up by streaking the strain on 
galactose containing medium and purifying 
galactose positive colonies. One such revertant, 
designated CAIOR, proved to be nonmucoid on 
ordinary media, but mucoid in the presence of 
PFA. Comparison of the nucleotide pools of the 
parent strain and CA1OR revealed that, whereas 
the parent had low levels of UDPG, UDPGaI, 
and UDPGA, CA1OR had normal levels of 
UDPG, UDPGa1, and a low level of UDPGA, 
similar to that observed with S22M and S56. 
On growing both strains in the presence of PFA, 
the levels of GDPF and UDPGA increased 
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TABLE 1. Nucleotide levels of various strains" 
Organism 
Mucoid I.JDPG UDPGa1 UDPGA GDPF 
NB PFA NB PFA NB PFA NB PFA NB PFA 
S53 ++ ++ 0.148 NT 0.082 NT 1.63 NT 0.050 NT 
S61 ++ ++ 0.161 NT 0.072 NT 1.48 NT 0.072 NT 
S22 ++ ++ 0.097 NT 0.068 NT 1.15 NT 0.037 NT 
S22M - ++ 0.110 0.072 0.097 0.078 0.052 0.68 - 0.059 
S56 - + 0.095 0.087 0.062 0.081 0.029 0.47 - 0.071 
S8 ++ ++ 0.097 NT 0.068 NT 1.01 NT 0.052 NT 
CA3 - - 0.083 0,091 - - 0.062 0.31 - 0.029 
CA10 - - 0.011 0.023 0.011 0.032 0.010 0.047 - 0.037 
CAIOR - ++ 0.083 0.059 0.091 0.062 0.041 0.80 - 0.041 
Aerobacter cloacae ++ ++ 0.130 NT 0.097 NT 1.80 NT 0.027 NT 
Salmonella typhimurium ++ ++ 0.158 NT 0.082 NT 1.10 NT 0.062 NT 
Abbreviations: UDPG, uridine-5'-diphosphate glucose; UDPGa1, uridine-5'-diphosphate galactose; 
UDPGA, uridine-5'-diphosphate glucuronic acid; GDPF, guanosine-5'-diphosphate fucose; NB, 
indicates cells grown in the presence of nutrient broth; PFA, indicates cells grown in the presence of 
p-fluorophenyla Ian ine; +, indicates degree of mucoidness; -, not detectable; and NT, not tried. Values 
are expressed as micromoles of nucleotide per gram (dry weight) of cells. 
greatly (Table 1), similar to those of normally 
mucoid strains, although CA10 was nonmucoid 
presumably because of its inability to synthesize 
UDPG. 
In view of the results obtained on analysis of 
the nucleotide pools of these strains, it seemed 
likely that the pathway operated in biosynthesis 
of colanic acid was as indicated in Fig. 2 (19). 
The pathways leading to the synthesis of the sugar 
nucleotides have been shown in various orga-
nisms, including E. coli, but all of the reactions 
have not yet been shown in a single strain. Enzyme 
assays of some of these enzymes were performed 
on several of the strains grown in nutrient broth 
(Table 2). With the exception of the mutant 
strains CA3 and CAb, there was very little 
difference between strains mucoid under these 
conditions and those nonmucoid with respect to 
the enzymes leading up to the synthesis of 
UDPG and UDPGa1. However, an obvious 
feature was that the level of UDPG dehydro-
genase was some 5 to 10 times higher in mucoid 
strains, phosphomannose isomerase was 50% 
increased in some strains, and GDPF synthetase 
was only detectable in the mucoid strains with 
the assay method used, complementing the results 
obtained from the nucleotide analysis. 
DISCUSSION 
Previous work (8) has indicated that, with the 
exception of strains which have a defect in a gene 
coding for a portion of the synthesis, all K-12 
strains, many other E. co/i strains, and many 
Salmonella strains have the genetic ability to 
synthesize colanic acid. Most strains are normally 
nonmucoid or repressed (15, 17) but many of 
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FIG. 2. Postulated pathway involved in the biosynthe-
sis of colaidc acid. Abbreviations: F-6-P, fructose-6-
phosphate; G-6-P, glucose-6-phosphate; G-1-P, glucose-
1-phosphate; M-6-P, mannose-6-phosphate; M-1-P, 
mannose-1-phosphate; UDPG, uridine-5'-dip/zosp/za:e 
glucose; UDPGaI, uridine-5'-diphosp hate galactose; 
UDPGA, uridine-5'-dip/,osp hate glucuronic acid; 
GDPF, guanosine-5'-dip/zosp/zafe fucose; and GD PM, 
guanosine-5'-thp/iosp/zate mannose. 
these can be derepressed by growth in the presence 
of PFA (12). In an attempt to learn more about 
the repression of synthesis, examination of the 
nucleotide pools of certain mucoid strains of 
K-12, S. typhimuriuni, and A. cloacae revealed 
that the only nucleotide derivatives of the 
monomer components of colanic acid were 
UDPG, UDPGaI, UDPGA, and GDPF. That 
fucose and glucuronic acid are found only in 
colanic acid in all of the strains examined is a 
strong indication of the likely involvement of 
GDPF and UDPGA in colanic acid synthesis. All 
of the strains except A. cloacae have glucose and 
galactose as components of the LPS; thus, the 
presence of UDPG and UDPGa1 is expected 
since these have been shown many times to be 
precursors in glucose and galactose transfer to 
LPS. The absence of any other nucleotide deriva- 
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°' PFA PGI PGM TJDPGPP EPIM UDPGD PM! 
GDPF 
SYN 
S53 ++ ++ 13.3 5.1 0.92 0.40 0.82 15.1 + 
S61 ++ ++ 13.1 3.8 0.81 0.68 0.97 17.2 + 
S22 ++ ++ 15.7 4.9 0.97 0.52 0.81 15.3 + 
S22M - ++ 9.8 2.8 0.81 0.38 0.051 10.2 - 
S56 - + 10.1 3.1 0.73 0.41 0.072 12.8 - 
CA3 - - 10.1 3.9 0.81 - 0.091 12.2 - 
CA1O - - 9.8 5.1 - 0.41 0.052 8.7 - 
CA1OR - ++ 12.2 4.1 0.74 0.42 0.047 9.7 - 
Aerobacter cloacae ++ ++ 17.2 5.1 0.97 0.60 0.82 19.1 + 
Salmonella 	typ/zi- ++ ++ 21.1 6.1 0.98 0.49 1.21 22.0 + 
murium 
"PFA, p-fluorophenylalanine; PGI, phosphoglucose isomerase; PGM, phosphoglucomutase; 
UDPGPP, u rid ine-5'-diphosphate glucose, pyrophosphorylase; EPIM, uridine-5'-diphosphate galac-
tose-4-epimerase UDPGD, UDPG dehydrogenase; PMI, phosphomannose isomerase; GDPF SYN, 
guanosine-5'-diphosphate fucose synthetase complex; +, indicates degree of mucoidness in first two 
columns and chromatographic detection of fucose in assay system in last column; and -, not detectable. 
At least three separate cultures of each strain were grown and assayed for the enzymes described. The 
results represent the average value for each strain and are expressed as micromoles of substrate disap-
pearing or product appearing per milligram of protein per hour. 
tives of these sugars does not necessarily mean 
that LPS and colanic acid have the same glucose 
and galactose precursors; however, the fact that 
mucoid A. cloacae has no galactose in the LPS 
(33), yet had UDPGaI in the soluble pool, is 
strong circumstantial evidence for the involve-
ment of the glucose and galactose precursors in 
colanic acid synthesis. In addition, the mutant 
strains CA3 and CAM (UDPGa1-4-epimerase-
less and UDPG pyrophosphorylase-less, re-
spectively) were unable to synthesize colanic 
acid under any conditions, but a revertant CA1OR 
would synthesize colanic acid under the correct 
conditions. 
Comparison of the nucleotide pools of mucoid 
strains with those of certain nonmucOid repressed 
strains grown under normal conditions and in 
the presence of PFA has revealed certain differ-
ences between the levels of nucleotide sugars 
found in both. In particular, whereas there was no 
appreciable difference between the levels of 
UDPG and UDPGa1 in both types, mucoid 
strains contained large amounts of UDPGA, 
sometimes up to 20 times the level found in 
repressed strains grown under normal conditions. 
Also, GDPF was found in the pool of mucoid 
strains, whereas it was chromatographically 
undetectable in nonmucoids. It is possible that 
nonmucoid strains grown under normal condi-
tions may have a low level of GDPF undetectable 
with the method used, but at least it is clear that 
mucoid cells have much higher levels. Examina-
tion of the enzymes involved in the synthesis of 
these sugar nucleotides has revealed essentially a  
complementary situation. The enzyme UDPG 
dehydrogenase was at a much higher level in 
mucoid strains, and two enzymes in the GDPF 
synthesis pathway, GDPF synthetase and phos-
phomannose isomerase, also showed increased 
activity. The enzymes leading up to the synthesis 
of UDPG and UDPGa1 were essentially the 
same in both types. Furthermore, when repressed 
strains were derepressed by growth in the pres-
ence of PFA, colanic acid was synthesized and 
the levels of UDPGA and GDPF in such strains 
markedly rose. The comparison of these sugar 
nucleotide levels and of the enzymes involved in 
their synthesis in both types of strain strongly 
support the pathway outlined in Fig. 2 as being 
operative in colanic acid synthesis. Since it has 
been shown that colanic acid contains acetate 
and pyruvate groups in addition to the four 
sugars (14, 32), the question arises as to when 
these groupings are inserted into the molecule. 
No o-acetylated or pyruvylated sugar nucleotides 
were isolated; this may, however, be a reflection 
of the lability of these groups, especially o-acetyl 
groups in particular which are extremely labile to 
hydrolysis. However, the evidence available from 
other systems (26) indicates that acetate at least is 
normally inserted at the polysaccharide level. 
Few reports have shown the presence of pyruvate 
in bacterial polysaccharides and none have shown 
when it is inserted, but it seems likely that addition 
to the molecule would occur at a late stage in the 
synthesis in a manner similar to the insertion 
of acetate. 
Given the genetic potential for the synthesis of 
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colanic acid in both mucoid derepressed strains 
and nonmucoid repressed strains, the system 
then presents an interesting problem in control. 
The repeating unit proposed for colanic acid is 
considerably more complex than any thus far 
described in other bacterial exopolysaccharides, 
probably requiring eight separate transferases for 
its assembly (32). Apart from any considerations 
of the complexity of control acting at the trans-
ferase level in such a system, the data do not sup-
port such a hypothesis in view of the differences 
in the levels of the postulated sugar nucleotide 
intermediates between mucoid and nonmucoid 
cells. The fact that the enzymes involved in the 
synthesis of two of the nucleotides are at a lower 
level in nonmucoid cells suggests that feedback 
inhibition or degradation of sugar nucleotides is 
not taking place. The most likely explanation is 
that the control of colanic acid synthesis is 
mediated through the regulation of the levels of 
UDPGA and GDPF at a genetic level by con-
trolling the activity of one or more of the enzymes 
involved in their synthesis. Since a simultaneous 
increase in UDPGA and GDPF is observed when 
nonmucoid repressed cells are grown in the 
presence of PFA, this suggests that control occurs 
via a single repressor. This complements the 
results of Markovitz (15) and Markovitz and 
Rosenbaum (17), who showed the synthesis of 
GDPF and, to a lesser extent, the synthesis of 
UDPGa1 was under genetic control. In this 
investigation, the difference in levels of UDPGaI 
and UDPGa14-epimerase in mucoid and non-
mucoid cells were not found sufficiently signifi-
cant to suggest an exactly comparable situation. 
Assuming that such a control mechanism 
exists, it is then possible that at least some of the 
structural genes which code for enzymes in the 
pathway are grouped and form an operon, in 
much the same way that eight or nine enzymes 
involved in the biosynthesis of the 0-specific sug-
ars in S. lyphimurium map in the same region of 
the bacterial chromosome (23, 29). It is unlikely 
that the genes coding for the synthesis of UDPG 
and UDPGa1 would be in such an operon, since 
these compounds are concerned in other bio-
synthetic reactions. In S. lyphiniuriuni, the 
genes coding for the synthesis of UDPG and 
UDPGaI map in a different region from those 
concerned with 0-specific sugars (29), presumably 
because of the diverse functions of these com-
pounds. The same applies to the gene which codes 
for the first enzyme involved in GDPF synthesis, 
phosphomannose isomerase, probably; reflect-
ing the fermentative function of this enzyme. If 
such a colanic acid operon exists, it would 
probably comprise the genes coding for UDPG 
dehydrogenase and the enzymes, other than  
phosphomannose isomerase, involved in the 
synthesis of GDPF. This would fit well with the 
apparently simultaneous alteration in the levels 
of only GDPF and UDPGA when nonmucoid 
strains are derepressed by growth in the presence 
of PFA. 
ADDENDUM 
While this paper was being considered for 
publication, independent papers by Lieberman 
and Markovitz (J. Bacteriol. 101:965-972) and 
Lieberman, Shaparis, and Markovitz J. Bac-
teriol. 101:959-964) were published on essentially 
the same topic, in which they also discuss the 
possibilities of a colanic acid operon. They 
showed (J. Bacteriol. 101:959-964) that UDPGA 
could be found in much larger quantities in 
mucoid E. coli K-12 Cap R strains and that the 
enzyme UDPG dehydrogenase was greatly 
increased in such strains. Lieberman and Marko-
vitz were also able to show that GDPM pyro-
phosphorylase was elevated in mucoid strains 
(J. Bacteriol. 101:965-972). The second type of 
mucoid mutation, Cap S, was shown for the first 
time to derepress GDPM pyrophosphorylase 
and two of the enzymes involved in the conversion 
of GDPM to GDPF (J. Bacteriol. 101:965-972). 
No data on the level of UDPGA or UDPG de-
hydrogenase in mucoid Cap S strains were re-
ported. In view of these recent results, it seems 
likely that our mucoid strains are of the Cap S 
type, since the only enzymes which we found to be 
more elevated were those specifically involved in 
the synthesis of GDPF and UDPGA. 
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The Isolation of O-Acetylated Fragments from the K Antigen 
of Escherichia coil 08 :K27(A):H 
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Phage-induced fucosidases prepared from cell lysates of a Kiebsidlla aerogenes strain have 
been shown to hydrolyse the polysaccharide of Escherichia coli K27. The major hydrolysis 
product of one enzyme was identified as an acetylated tetrasaccharide containing equimolar 
amounts of galactose, glucose, glucuronic acid and fucose. The reducing terminus was characterised 
as fucose. A minor product of enzymic hydrolysis was the corresponding unacetylated tetra-
saccharide. This oljgosaccharide was also obtained from alkali-treated polysaccharide. Neither 
tetrasaccharide could be hydrolysed further with glycosidases. The product of hydrolysis with 
the second enzyme was probably an octasaccharide comprising two repeating units of the E. coli 
polysaccharide. It also contained equimolar amounts of the constituents and approximately 50 0I 
of the fucose was reduced with borohydride. From the results it is concluded that both enzymes 
require the sequence .......c&glucuronosyl — 1 -+ 3 fucosyl-glucose for substrate activity. 
The presence of the 0-acetyl groups was not essential for enzymic hydrolysis. 
Although many bacterial polysaccharides are now 
known to be acetylated, the isolation of O-acetylated 
fragments has seldom been reported. This is probably 
due to two factors. The extreme lability of O-acyl 
groups, especially with respect to the normal methods 
employed in determination of polysaccharide struc-
ture; and the lack of enzymes degrading bacterial 
heteropolysaccharides. The isolation by Dubos and 
Avery [1] of a strain of Bacillus palustris producing 
an enzyme degrading the polysaccharide of Diplo-
coccus pneumoniae type 2 is a well-known example 
of such enzymes. 
In an attempt to determine the structure of the 
extracellular slime polysaccharide from Kiebsiella 
aerogenes A3S1 (type 54) phage-induced fucosidases 
yielded either the octasaccharide repeating unit of 
the polymer or two tetrasaccharides, one of which 
was acetylated [2,3]. Elucidation of the major struc-
tural features of the K antigen of E. coli 08:K27 [4] 
revealed a striking similarity to the Kiebsiella polymer 
(Fig.!). Both contained a main chain of glucosyl-
glucuronosylfucose repeating units with the aldo-
biuronic acid identical in each case. It was therefore 
decided to determine whether phage-induced fuco-
sidases acting on Kiebsiella polysaccharide were also 
active against E. coli material, with a view to ob- 
taining further knowledge about the polysaccharide 
structure and the enzyme specificity. 
MATERIALS AND METHODS 
The bacterial polysaccharides and the phage-
induced enzymes and their respective methods of 
preparation have already been described [2-4]. The 
bacteriophages were grown on K. aerogenes A3S1 
and were inactive on all the E. coli strains tested. 
Gal 
4 
-[-- Gte -> GIcUA - Fuc]- 	E. ccli K27 
capsular polysaccharide. 
Gic 	 Gic 
4 4 
4— Gb 	G1cUA --> Fuc -> Gb -+ G1cUA -+ Fuc]- 
Ac... X... 	 X... 
K. aerogenes A3(S1) Slime polysaccharide. 
Ac = acetyl; 	X = unidentified group 
Fig. 1. The proposed 8trucure8 for the polysaccharides o/ 
E. coli K27 [4] and K. aerogenes A3(S1) [11,3] 
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The analytical methods were those used in earlier 
work [3]. In addition, reducing sugar was measured 
by the method of Park and Johnson [5] modified by 
reducing the volumes of the reagents to give a final 
reaction volume of 1.6 ml. The solvent systems used 
for descending paper chromatography on Whatman 
no. 1 paper were: (A) butan-1-ol —pyridine —water 
(6:4:3, by vol.) [6]; (B) ethyl acetate—acetic acid-
pyridine—water (5:1:5:3, by vol.) [7]; (C) ethyl 
acetate—acetic acid—formic acid—water (18:3:1:4, 
by vol.) [8]; (D) butan-1-ol—acetic acid—water 
(4:1:5, by vol.). The irrigation times were 48 h, 20 h, 
24 h, and 120 h respectively. Sugars and oligo-
saccharides were detected with the alkaline AgNO 3 
reagent of Trevelyan, Protor & Harrison [10]. 
For paper electrophoresis, the buffer used con-
tained pyridine—acetic acid—water (5:2:43, by 
vol.). Sheets of Whatman no. 1 paper (77x20 cm) 
were used for comparative runs, for desalting or for 
removal of enzyme proteins. Separation of charged 
oligosaccharides was accomplished by application of 
80-100 mA for 4-5 h. Salts or protein were removed 
after 30-40 mm. All paper electrophoresis was per-
formed on a Locarte high-voltage equipment. 
RESULTS 
It has been shown that the action of F34-phage 
induced fucosidases on the exopolysaccharide of 
K. aerogenes A3(S1) released two fragments identified 
as tetrasaccharides, together with an increase in 
reducing value [2]. Another phage-induced enzyme 
gave a similar result, an octasaccharide being the 
only hydrolysis product [3]. The release of reducing 
material from the K. aerogenes A3(S1) and E. coli 
K27 polysaccharides by F34-fucosidase was com-
pared. The E. coli K27 polymer was known [4] to 
contain O-acetyl groups and alkali-labile interchain 
bridges. These were removed by treatment with 
0.25 N NaOH at 37° for 1 h and at 56° for 4 h, respec-
tively. Such alkali-treated material was also incu-
bated with enzyme. The polysaccharides were dis-
solved in 0.01 M phosphate buffer, p11 7.0, at a final 
concentration of 7.5 mg/ml. Enzyme (20 units) was 
added and aliquots removed at suitable time intervals 
following incubation at 30°. The reducing values were 
determined by the Park-Johnson method. The results 
are shown in Fig. 2. It is clear that the release of 
reducing material from E. coli K27 polysaccharide is 
only slightly less than that from the Kiebsiella sub-
strate. When the E. coli material was first treated 
with alkali, the enzyme activity was however 
diminished considerably. 
The hydrolysis was permitted to continue for 
4 h at 30°. To obtain the maximal yield of hydrolysis 
products and minimise bacterial contamination, incu-
bation was then continued for a further 12 h at room 













Fig. 2. The release of reducing material by phage F34-induced 
/ucosidase from bacterial slime poly8acckaride8. x, K. aero- 
genes; •, E. coli K27; 0, E. coli K27 alkali treated (0.25 N 
NaOH for 1 h at 37 ° or 4 h at 56° ) 
enzyme and from unhydrolysed polysaccharide by 
dialysis against distilled water. After 48 h at 0 0, the 
diffusates were lyophilised. Aliquots were applied to 
chromatograms in several solvents. The Kiebsiella 
polysaccharide yielded the two tetrasaccharides 
previously identified [2]. The untreated K27 material 
showed one major sppt in all the chromatographic 
systems along with a trace of slower-moving material. 
A single spot was detected on paper electrophoresis 
in pyridinium acetate. The two fractions were sepa-
rated by preparative paper chromatography in 
solvent B. The chromatographic mobilities of the 
two oligosaccharides are shown in Table 1. 
Analysis of the faster-moving substance showed 
that it contained O.acetyl, galactose, glucose, glucu-
ronic acid and fucose in the molar proportions 1.2: 
0.86:1.0:1.0:0.9. The terminal reducing sugar as 
determined by borohydride reduction was fucose. 
Treatment with 1 N NH40H at 56° for 1 h yielded 
an oligosaccharide identical with the slower-moving 
product of enzymic hydrolysis. Mild acid hydrolysis 
(0.1 N H2SO4 at 100° for 15-30 mm) gave three 
fragments, one of which was identical with the prod-
uct of alkaline hydrolysis (Table 2). The three oligo-
saccharides corresponded to the compounds named 
El, E2 and E3 by Jann et al. [4]. These substances 
were an aldobiuronic acid, cc-glucuronosylfucose; 
a trisaccharide, jI-glucosylglucuronosylfucose; and a 
tetrasaccharide galactosylglucosylglucuronosylfucose 
respectively. The aldobiuronic acid (El) was identical 
with the compound of the same composition isolated 
from Kiebsiella aerogenes A3 (Sl) [11,2], having the 
structure cc-glucuronosyl 1--*3 fucose. The tn-
saccharide E2 differed from that isolated from 
Kiebsiella, in being 9.glucosy1 1-->3 glucuronosyl-
fucose and not -glucosyl 1--4 glucuronosylfucose. 
Treatment of the acetylated tetrasaccharide with 
cc- or fl-galactosidase failed to release free galactose. 
Consequently no acetylated fragments smaller than 
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Table 1. Properties of the oligosaccharide8 isolated from enzymic lsydrolysatea of E. coli K27 polysaccharide 
G1cUA, glucuronie acid; Fuc, fucose; MGZCUA, electrophoretic mobility relative to glucuronic acid 
- in solvent: 
OligosacCharide Yield Components Molar proportions MOUA 
A B C 	 D 
iimoles/g 
polysace. 
1 150 Glc,Gal,Fue,GIcLJA 1:1:1:1 0.42 0.05 0.59 0.13 	0.09 
acetyl 1 mole 
2 20 Glc,Gal,Fuc,GlctJA 1:1:1:1 0.47 0.03 0.42 0.05 	0.02 
no acetyl 
3 15 Glc, Gal, Fuc,G1cIJA 2:2:2:2 0.43 0.01 0.06 0.01 	0 
acetyl 2 moles 
Table 2. Properties of oligosacclzaride8 isolated from acid 
hydrotysates of E. coli X27 polysaccharide [4] 
2 
0 Bak in solvent: 
cs , Components Molar proportions MGkUA 
D 
El G1cUA,Fuc 1:1 0.70 0.67 0.27 
E2 Glc,GIcUA,Fuc 1:1:1 0.52 0.30 0.15 
E3 Gal, Glc, G1cUA, Fuc 1:1:1:1 0.40 0.05 0.03 
the tetrasaccharide were obtained. During an attempt 
to utilise the -galactosidase present in limpets [12] 
a small amount of new material was obtained following 
preparative paper chromatography. This proved to 
be identical with E3, the unacetylated tetrasaccha-
ride. The limpet preparation must therefore contain 
a de-acetylase as no reaction occurred in the presence 
buffer alone. 
The slower-moving fragment obtained from 
phage.enzyme digests contained equimolar amounts 
of galactose, glucose, glucurortic acid and fucose but 
no acetyl residues. Fucose was the terminal reducing 
sugar and the oligosaccharide was identical in every 
respect tested with the tetrasaccharide E3. Examina-
tion of the material released by enzyme action on 
alkali-treated polysaccharide showed a single oligo-
saccharide. It, too, had equimolar amounts of the 
four sugars, while acetyl was absent. It proved to be 
identical with E3 and the slower-moving product 
from native polysaccharide in all respects tested. 
A second phage-induced fucosidase was known to 
produce an octasaccharide from the polysaccharide 
of K. aerogene.s A3(S1) [3]. When this enzyme acted 
on K27 polysaccharide, two fragments were obtained 
in very low yield. One of these substances proved to 
be identical with the acetylated tetrasaccharide iso-
lated from the F34-enzymic digest. The second oligo-
saccharide was found in approximately 5-fold excess 
over the first. It contained the same four sugars and 
0-acetyl group in equimolar proportions. On boro-
hydride reduction, 50 0/0 of the fucose was converted 
to fucitol. Partial acid hydrolysis gave the same prod- 
ucts as the acetylated tetrasaccharide, while treat-
ment with the F34-fucosidase yielded the tetra-
saccharide as the sole hydrolysis product. In chro-
matographic systems the material stayed at the 
origin except in solvent B. On paper electrophoresis 
it moved at almost the same rate as the tetra-
saccharide. From these results it was therefore 
considered to be an octasaccharide. 
DISCUSSION 
Very little knowledge has been available until 
recently on the specificity of enzymes hydrolysing 
heteropolysaccharides. Very few such enzymes have 
indeed been studied. The inducible enzyme formed 
by Bacillus palu.stri8 was formed when its specific 
substrate, type VIII pneumococcal polysaccharide 
was present in the growth medium [13]. This enzyme 
only hydrolysed type VIII polysaccharide and also 
oxidised cellulose. Both substrates contained the 
fl-glucuronosyl-1-->4-glucose linkage. The same 
workers found a constitutive depolymerase for 
type III pneumococcal polysaccharide produced by 
the same bacterial species. This enzyme too hydro-
lysed two substrates, the type III material and a 
polysaccharide from Azotobacter chroocuum. Again 
both substrates had certain linkages in common. 
It is clear that both the enzyme preparations used 
in the present study, those induced by phage F34 
and phage F39 respectively in cells of K. aerogenes 
A3(S1) will like the two enzymes from Bacillus 
palustris act on more than one substrate yielding 
discrete products. The first fucosidase (F34-induced) 
acts on K. aerogenes A3(81) polysaccharide and on 
deacetylated material [2]. It will also hydrolyse 
E. coli K27 polysaccharide and the corresponding 
de-acetylated polymer. It is not active against 
carboxyl-reduced Kiebsiella polysaccharide. From 
this information and from the postulated structures 
of the two polysaccharides it appears that the sub-
strate for this enzyme must contain the sequence 
ix-glucuronosylfucosylglucose. The fucosyl bond hy-
drolysed is also that most readily cleaved by acid 
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hydrolysis. The presence of O-acetyl groups, normally 
present on alternate aldobiuronic acid residues in 
K. aero genes polysaccharide [3] or on every repeating 
unit of the E. coli K27 polymer was not required for 
substrate activity. Conversion of the glucuronic acid 
to glucose by carboxyl reduction surprisingly caused 
sufficient alteration to the substrate configuration to 
prevent enzyme action. However the branch of glucose 
or galactose on the main chain glucose did not signi-
ficantly affect enzyme action. The very small amount 
of unacetylated tetrasaccharide (E3) obtained from 
E. coli K27 polysaccharide could have arisen in two 
ways. Portions of the macromolecule might have been 
accidentally de-acetylated during purification and 
isolation. Alternatively, some of the tetrasaccharide 
repeating units may fail to be acetylated during syn-
thesis. The position of the O-acetyl groups on the 
E. coli polymer may be on the same sugar residue as 
in the Kiebsiella polysaccharide but this remains to 
be proved. The second fucosidase (F39-induced) ap-
pears to act on the same fucosylglucose linkage and 
is most active against the Kiebsiella polysaccharide. 
The sole glycosidic bond which, because of its lability 
to acid, was not established in the E. coli K27 poly-
saccharide was the fucosyiglucose linkage [4]. In 
K. aerogenes A3(S1) this acid-labile bond was 
shown to be a 1 -i- 6 linkage [11]. Since the phage 
enzymes specifically split the fucosylglucose linkage 
in both polysaccharides, this may indicate that in 
the E. coli K27 material, the bond is also of the 1 -- 6 
type. 
The fact that phage-induced polysaccharide de-
polymerases are less specific than the phages them-
selves has been observed previously [14]. Enzymes 
acting on colanic acid, the common exopolysaccharide 
slime synthesised by certain species of Enterobac-
teriaceae were induced following infection by phages 
capable of infecting only one species or strain of 
bacteria. Thus the enzymes may as has been sug-
gested [15] assist egress of phage from infected cells 
rather than be a means of reaching receptors on the 
cell surface during bacterial infection. Both the 
phages inducing the fucosidases used in this study 
were completely inactive against all the E. coli strains 
tested. 
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Structure of Kiebsiella aero genes Type 8 Polysaccharide* 
I. W. Sutherland 
ABSTRACT: The capsular polysaccharide has been prepared 
from a strain of K!ebsie!la aerogenes type 8. It contained 
D-glucose, D-galactose, and o-glucuronic acid in the molar 
proportions 1:2:1. Periodate oxidation destroyed the glu-
curonic acid but not the neutral sugars. Carboxyl-reduced 
polysaccharide containing equimolar amounts of glucose 
and galactose was prepared. The glucose formed from 
glucuronic acid was identified using sodium borotritide as 
reductant. Partial acid hydrolysis was used to obtain oligo-
saccharides from the original polysaccharide, the oxidized 
D espite improved analytical methods now available, 
the number of bacterial exopolysaccharides whose structure 
is known is exceedingly limited. This is particularly true of 
gram-negative bacteria such as Kiebsiella aerogenes in which 
most strains secrete large amounts of capsular or slime 
material of differing chemotype. Such results as have been 
published on the structure of exopolysaccharides from 
K. aerogenes types 2 and 54 (Gahan et al., 1967; Conrad 
et al., 1966) and from various Escherichia coli serotypes 
(e.g., Jann et al., 1965, 1968) indicate that, as in the poly-
saccharides of gram-positive bacteria, a repeating unit of 
varying complexity is normally found. This unit may be as 
simple as the trisaccharide types found in the exopolysac-
charides of E. coli K30 and K42 (Hungerer et al., 1967; 
Jann et al., 1965) or it may be rather more complex such as 
the acetylated and pyruvylated hexasaccharide composed 
of four different sugars postulated for "colanic acid" in 
several species of Enterobacteriaceae (Sutherland, 1969; 
Lawson Ct al., 1969). The disadvantage of many of the 
earlier, purely chemical, studies has been that labile non-
carbohydrate components such as acetyl or pyruvyl groups 
From the Department of General Microbiology, University of 
Edinburgh, Edinburgh EH9 MG, Scotland. Received December 16, 1969.  
polymer, and the carboxyl-reduced polysaccharide. The 
structures of several of these oligosaccharides have been 
determined, the largest fragment from any preparation 
being a tetrasaccharide. On the basis of the oligosaccharide 
structures and other information, a tetrasaccharide repeating 
unit is proposed with the structure 
a-GIcUA 
14 ft 	a 	 ft 
4--ø3-Gal-1-*3-Gal-1--3-3-Glc-1 
have frequently been overlooked. The importance of thorough 
examination for such substituents can be seen in the increasing 
number of bacterial exopolysaccharides now known to 
contain such substituents. These include the capsular poly -
saccharides of many Rhizobium strains and species (Dudman 
and Heidelberger, 1969) and of K. aerogenes types 1 to 6 
(Luderitz et al., 1968). 
An examination of the literature for a suitable organism 
to use in biosynthetic studies indicated that K. aerogenes 
type 8 (strain A4) produced a capsular polysaccharide 
containing three sugars, glucose, glucuronic acid, and galac-
tose, in the approximate molar ratio 1:1:2 (Dudman and 
Wilkinson, 1956). Thus all the component sugars are readily 
determinable and the presumed nucleotide sugar precursors 
are available. However, no data on the structure of this 
polymer appear to have been published. A reexamination 
of the polysaccharide and a possible structure are now 
reported. 
Materials 
The K. aerogenes type 8 strain A4 was obtained from the 
departmental collection. It produced an exopolysaccharide 
capsule as determined by the India Ink technique (Duguid, 
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1951). Cultures were harvested after 2-3-days growth at 
350 in a solid or liquid nitrogen deficient medium (Sutherland 
and Wilkinson, 1965). The polysaccharide was separated 
from the cells and purified by the methods of Dudman and 
Wilkinson (1956). 
Glucose oxidase and galactose oxidase reagents were 
obtained from Boehringer and Soehne G.m.b.H., Mannheim, 
Germany, and Worthington Biochemical Corp., Freehold, 
N. J., respectively. Three commercial glycosidase preparations 
were used: 0-glucosidase (EC 3.2.1.21) from L. Light, Coin-
brook, Bucks; /3-galactosidase (EC 3.2.1.23) and /3-glucu-
ronidase (EC 2.2.1.31) from British Drug Houses, Poole, 
Dorset. a-Glucosidase was prepared from yeast by the method 
of Robbins and Uchida (1962). A crude a-galactosidase 
(EC 3.2.1.22) preparation from a strain of Cytophaga was 
also used. 
Methods 
o-Glucose and D-galactose were estimated in hydrolysates 
of polysaccharides or oligosaccharides (1 N H2SO4, 16 hr) 
using the respective oxidases. D-Glucuronic acid was deter-
mined by a modification of the carbazole-14 2SO4 technique 
(Bitter and Muir, 1962), on unhydrolyzed material. The 
methods of Hestrin (1949) and Sloneker and Orentas (1962) 
were used to test for the possible presence of O-acyl or pyruvyl 
groups, respectively. To determine the configuration of 
the glycosidic linkages in the oligosaccharides, the appro-
priate enzymes were used under conditions giving total 
hydrolysis of approximately equimolar amounts of substrates 
such as cellobiose, maltose, lactose, or melibiose. All radio-
activity measurements were made on samples in a dioxane-
based scintillator (Nuclear Enterprises, Edinburgh) using 
a Beckman scintillation spectrometer. 
Periodate oxidation was performed according to Conrad 
et al. (1966). Residual sugars after various time intervals 
were determined on the polysaccharide after borohydride 
reduction, dialysis, and hydrolysis. 
Carboxyl Reduction. The polysaccharide (500 mg) in 
the H form was obtained by passage through Amberlite 
1R120 ion-exchange resin. After lyophilization, it was dis-
solved in 50 ml of water and an equal volume of ethylene 
oxide at 00  was added. The mixture was left for 5 days at 20°, 
then dialyzed. The esterified product was lyophilized and 
redissolved in 50 ml of water containing 5 ml of glycerol. 
An equal volume of 10% (v/v) aqueous glycerol containing 
0.6 g of sodium borohydride and 0.5 mCi of sodium boro-
tritide was added. The mixture was stirred and left for 24 
hr at 4°. The excess borohydride was then destroyed with 
I N acetic acid and the product was exhaustively dialyzed 
against distilled water. It was then freeze dried (yield 415 mg). 
Paper Electrophoresis and Paper Chromatography. Paper 
electrophoresis was performed in pyridinium acetate buffer 
(pH 5.3) using a current of 80-100 mA at 3000 V. The equip-
ment was a Locarte (London) type with 70 X 20 cm cooled 
plate area. The current was applied for 3-4 hr for oligosac-
charide separation and for 30 min for removal of salts and 
enzyme protein. Oligosaccharides were separated and iden-
tified with three descending chromatographic systems: 
pyridine-butan-1-ol-water (4:6:3, v/v, solvent A; Whistler 
and Conrad, 1954), butan-1 -ol-acetic acid-water (4:1:5, v/v. 




50 	 100 
FIGURE 1: Destruction of glucuronic acid on oxidation. Vertical 
axis, recovery per cent. Horizontal axis, time (hours). (0-0) Glu-
cose and (•—•) glucuronic acid. 
formic acid-water (18:3:1:4, v/v, solvent C Feather and 
Whistler, 1962). 
Results 
Composition of the Polysaccharide. Hydrolysates of several 
preparations of the polysaccharide all contained D-glucose, 
D-galactose, and glucuronic acid. The sugars were identified 
by paper chromatography and by the reaction with their 
respective oxidases in the case of glucose and galactose. 
Traces of mannose reported in the earlier work of Dudman 
and Wilkinson (1956) were not detected. After periodate 
oxidation, the yield of neutral sugars was unchanged, but 
the uronic acid was almost completely destroyed. Figure 1 
shows the destruction of uronic acid during periodate oxida-
tion. Recovery of glucose is also included for comparison. 
After carboxyl reduction the polysaccharide contained 
only a negligible amount of uronic acid, while the content 
Of D-glucose was increased almost twofold. This confirms 
that the uronic acid was n-glucuronic acid. The results of 
analyses on the capsular polysaccharide before and after 
periodate treatment and after carboxyl reduction are shown 
in Table I. Tests for acetyl or other O-acyl groups by the 
alkaline hydroxylamine technique and for pyruvate were 
negative. 
Hydrolysis of the Acid Polysaccharide. Preliminary experi-
ments indicated that mild acid hydrolysis rapidly released 
galactose along with the formation of several charged frag-
ments. Glucose was also released after a short period of 
such hydrolysis. No neutral material moving more slowly 
than glucose or galactose was detected despite use of a wide 
range of hydrolysis conditions. The optimal yield of charged 
TABLE I: Composition of A4 Polysaccharide. 
Glucuronic 
Glucose 	Galactose Acid 
Acid polysaccharide 	22.7 	47.1 20.6 
Oxidized polysaccharide 	22.4 48.5 0.9 
Carboxyl-reduced poly- 40.9 	46.3 2.9 
saccharide 
All figures are expressed as per cent dry weight. 
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Fraction charide) Components Molar Ratio MoI,uA' Solvent B Solvent C 
E4 40 G1cUA, Gal 1:1 0.71 0.26 0.33 
E3 48 G1cUA, Gal, GIc 1:1:1 0.55 0.08 0.11 
E2 5 G1cUA,Gal 1:2 0.54 0.05 0.06 
El 14 G1cUA, Gal, Gic 1:2:1 0.44 0.03 0.04 
MGICUA = mobility relative to GIcUA. b  RGI, = mobility relative to glucose. 
oligosaccharides was obtained after hydrolysis with 0.5 N 
H2SO 4  at 1000 for 45 mm. The hydrolysate was neutralized 
with saturated barium hydroxide solution, filtered, and 
subjected to preparative paper electrophoresis. The fractions 
obtained in this way were checked for purity by paper chro-
matography in several acid solvent systems, and, if impure, 
rerun in solvent C. In this way, four fragments named in 
order of increasing electrophoretic and chromatographic 
mobility E1-4 were isolated. The neutral material remaining 
at the origin on paper electrophoresis was eluted and run in 
chromatograms in several solvent systems. Only glucose 
and galactose were detected. The complete absence of neutral 
oligosaccharides, although unusual, has been observed on 
similar treatment of other bacterial exopolysaccharides 
(e.g., Hungerer et al., 1967). 
Oligosaccharide E4. The fastest moving charged oligo-
saccharide proved on hydrolysis and chromatography in 
solvents A and C to contain two sugars identified as galactose 
and glucuronic acid. Analysis showed that equimolar pro-
portions were present and reduction with sodium borohydride 
converted all the galactose into galactitol. The aldobiouronic 
acid was resistant to hydrolysis with j3-glucuronidase and 
differed from a number of $-glucuronosylgalactose disac-
charides in its chromatographic mobilities. It is therefore 
probably an o-a-D-glucuronosyl-D-galactose. 
Oligosaccharide E3. This compound contained glucose, 
galactose, and glucuronic acid in equal amounts. As all 
the galactose was reduced on borohydride treatment, it 
is the terminal reducing sugar. Treatment with 0-glucosidase 
released all the available glucose. The products of enzymic 
hydrolysis were equal amounts of glucose and the aldobio-
uronic acid. The same products were obtained following 
mild acid hydrolysis (0.5 N H2SO 4 at 1000  for 30 mm). This 
fraction appears to be a trisaccharide: 0-j3-n-glucosyl(9lu-
curonosylgalactose). 
Oligosaccharide E2. This oligosaccharide was only with 
difficulty separated from the trisaccharide El It contained 
glucuronic acid and galactose in the approximate molar 
ratio 1:2. None of the galactose was released by treatment 
with a- or -galactosidase nor had fl-glucuronidase any 
effect. Mild acid hydrolysis (as for E3) released almost equal 
amounts of galactose and aldobiouromc acid. Treatment with 
sodium borohydride converted 50% of the galactose to 
galactitol. When the product of borohydride reduction was 
submitted to mild acid hydrolysis, galactitol and the aldo- 
biouronic acid glucuronosylgalactose were recovered. Thus 
the terminal galactose moiety does not form part of the aldo-
biouronic acid. It is concluded that the oligosaccharide E2 
is a trisaccharide: O-a-D-glucuronosyl-D-galactoSyl-D-galaC-
tose. 
Oligosaccharide El. The largest fragment obtained from 
partial acid hydrolysates of the acid polysaccharide contained 
glucose, galactose, and glucuronic acid in the approximate 
molar proportions 1:2:1. The terminal reducing sugar was 
galactose. All the glucose could be released by hydrolysis 
with 0-glucosidase. No other glycosidases tested had any 
effect. Partial acid hydrolysis yielded glucose, galactose, 
and the aldobiouronic acid in almost equal amounts, together 
with traces of material indistinguishable from the two tn-
saccharides E2 and E3. As with the trisaccharide E2, the 
terminal reducing galactose did not form part of the 
aldobiouronic acid. The tetrasaccharide El thus seems to be: 
0-/3-D-gluc0syl(-D - glucuronosyl - D - galactosyl - D - galactose). 
The properties and yield of these oligosacchanides are shown 
in Table II. 
Hydrolysis of Periodate-Oxidized Polysaccharide. As glu-
curonic acid was the only sugar destroyed by peniodate 
oxidation, it seemed possible that destruction of the acid 
stable aldobiouronic acid might permit isolation of fragments 
with more labile linkages. An aliquot (500 mg) of poly-
saccharide was oxidized with periodate for 144 hr and excess 
periodate was destroyed with ethylene glycol. After exhaustive 
dialysis against distilled water, the product was reduced with 
sodium borohydride, redialyzed, and lyophilized. The 
product was dissolved in 1 N H 2SO 4 and hydrolyzed at 1000 
for 30 mm. After neutralization with Amberlite 1R410 
resin (HCO 3form), any charged material was removed by 
preparative paper electrophoresis. The neutral material was 
eluted and separated by preparative paper chromatography 
in solvent A. Preliminary experiments showed the presence 
of three fragments running slower than galactose. These 
were eluted and checked for purity by paper chromatography 
in three solvent systems. All proved to be pure. They were 
named in order of increasing chromatographic mobility C1-3. 
Oligosaccharide C3. Hydrolysis and analysis showed that 
this compound contained glucose and galactose in equimolar 
proportions. On borohydride treatment, all the galactose 
was converted into galactitol. Treatment with -glucosidase 
released 30% of the available glucose, while a-glucosidase 
had no effect. The oligosacchanide is thus a 0-0-n-g1ucosyl- 
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D-galactose. The configuration of this fragment was identified 
by degradation with lead tetraacetate according to Hungerer 
et al. (1967). After removal of ions, the degraded material 
was hydrolyzed and the components were identified by paper 
chromatography in solvents A and C. The only material 
detected was glucose and a spot identical with the pentose, 
lyxose. It gave the characteristic red color of a pentose on 
staining with aniline oxalate. The lyxose is thus derived 
from the galactose moiety which is substituted in the 3 
position. 
O!igosaccharide C2. Paper chromatography of hydrolysates 
of this fraction showed only galactose. On borohydride 
treatment, hydrolysis, and analysis, 50% of the galactose 
was found to have been converted into galactitol. The enzyme 
3-galactosidase released 86% of the available galactose. 
a-Galactosidase was without effect. The oligosaccharide 
C2 thus appears to be a disaccharide. The configuration of 
this material was confirmed by lead acetate degradation 
when lyxose was the sole product of oxidation. The disac-
charide is therefore 0-0-o-galactosyl-(I -- 3)-o-galactose. 
Oligosaccharide Cl. The third oligosaccharide in this 
series (Cl) contained glucose and galactose in the molar 
ratio of 1:2. As determined by borohydride reduction, the 
terminal reducing sugar was galactose, 50% of that available 
being reduced to galactitol. Neither a- or /-galactosidase 
nor a-glucosidase had any effect on the oligosaccharide. 
However 3-g1ucosidase released 65% of the available glucose. 
The products of enzymic hydrolysis were identified as glucose 
and material identified with the disaccharide 0-0-D-galactosyl-
D-galactose (C2) in equimolar amounts. Partial acid hydrolysis 
(0.5 N H2SO 4 at 1000 for 30 mm) yielded small amounts of 
the free sugars together with material indistinguishable 
from the two disaccharides 0-0-D-glucosyl-D-galactose (C3) 
and 0-3-D-galactosyl-D-galactose (C2). From these results, 
it is concluded that the oligosaccharide Cl is a trisaccharide, 
0-0-D-glucosyl-$-D-galactosyl-D-galactose. As this fragment 
is, in the intact polysaccharide, periodate resistant the linkages 
may be I-3-3 or the sugars may originally have had further 
substituents. 
The properties of these three oligosaccharides are listed 
in Table III. 
Carboxyl-Reduced Polysaccharide. A small quantity of 
the original glucuronic acid was not converted into glucose. 
To eliminate this and associated charged oligosaccharides, 
the following protocol was adopted. The carboxyl-reduced 
polysaccharide was dissolved in 1 N H2SO4 and hydrolyzed 
for 20 min at 100°. The hydrolysate was neutralized with 
Amberlite 1R410 resin and subjected to paper electrophoresis. 
The neutral material was separated by preparative paper 
chromatography in solvent A. The glucose and material 
moving more slowly than galactose were eluted. The glucose 
was found to have a specific activity of 1449 cpm/mole. 
On checking the purity of the oligosaccharides, two were 
resolved into two components. They were therefore rerun 
in solvent C. The fragments obtained are listed in order of 
decreasing chromatographic mobility N5 to NI. 
Oligosaccharide N5b. This fraction proved on hydrolysis 
to contain equimolar amounts of glucose and galactose. 
Galactose was the terminal reducing sugar. The enzyme 
/3-glucosidase had no effect but a-glucosidase released 30% 
of the available glucose. The oligosaccharide N5b is there-
fore a disaccharide, O-a-D-glucosyl-D-galactose. It was 
TABLE III: Oligosaccharides from Oxidized Polysaccharide. 
RGIC" 
Molar Solvent Solvent Solvent 
Fraction Components Ratio 	A 	B 	C 
C3 	GIc, Gal 	1:1 	0.61 	0.32 	0.34 
C2 Gal 	2 0.53 0.26 0.31 
Cl 	Glc, Gal 	1:2 	0.28 	0.11 	0.09 
R01 0 = mobility relative to glucose. 
radioactive, with twice the specific activity per ,umole of 
free glucose. The glucose moiety is thus entirely derived 
from glucuronic acid and the oligosaccharide corresponds 
to the charged fragment E3 obtained from the original 
polysaccharide. The confirmation of the a configuration 
accounts for the lack of activity of 3-glucuronidase on E3. 
When tested by the diphenylamine reagent (Bailey and Bourne, 
1960) this fraction gave a blue color similar to that obtained 
with maltose and cellobiose. This indicates that the disac-
charide is in fact 0-a-D-glucosyl-1-4-galactose. 
Oligosacc/iaride N5a. This oligosaccharide resembled N5b 
in that it also contained equal amounts of glucose and galac-
tose. It proved to be identical in all respects tested with the 
oligosaccharide C3 from periodate-oxidized polysaccharide. 
No radioactivity was associated with the fraction. It is a 
O-/3-D-glucosyl-D-galactose. 
Oligosaccharjde N4. This fraction contained galactose 
only and was identical in all respects tested with the oligosac-
charide C2 obtained from partial acid hydrolysates of the 
periodate-oxidized polysaccharide. It is a 0-0-D-galactosyl-
D-galactose. 
Oligosaccharide N3. This fraction also contained both 
glucose and galactose, the molar proportions being 2:1. 
On borohydride treatment all the galactose was reduced 
to galactitol. No hydrolysis was obtained with /3-galactosidase 
but a-glucosidase and 3-glucosidase released 15 and 10%, 
respectively, of the available glucose. Only the glucose 
released by a-glucosidase was radioactive. Partial acid 
hydrolysis (0.5 N H2SO4  at 100° for 30 mm) followed by 
chromatography in solvent A revealed free glucose and 
galactose together with two spots equidistant with oligosac-
charides NSa and N5b, respectively. The glucose in the 
oligosaccharide N3 had the same specific activity as that 
from the carboxyl-reduced polysaccharide. It thus consists 
of equimolar amounts derived from glucose and glucuronic 
acid, respectively, in the original polysaccharide. From all 





and corresponds to a portion of the original polysaccharide 
with the structure 
a-GIcUA 
3-Glc---Gal 
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TABLE IV Oligosaccharides from Carboxyl-Reduced Polysaccharide. 
Radioactivity 
	 RG1 
Fraction 	Components 	Molar Ratio 	(cpm/mole) Solvent A 	Solvent B 
	Solvent C 
N5b Gte, Gal 1:1 2858 0.68 0.30 
0.41 
N5a Gic, Gal 1:1 0 0.61 0.28 
0.33 
N4 Gal 2 0 0.53 0.26 
0.31 
N3 Glc, Gal 2:1 1501 0.43 0.10 
0.15 
N2b GIc, Gal 1:2 0 0.29 0.09 
0.09 
N2a Gic, Gal 1:2 2472 0.28 0.04 0.08 
Ni Glc, Gal 2:2 1343 0.18 0.03 0.04 
RGIC = mobility relative to glucose. 
Oligosaccharide N2b. This oligosaccharide was also identical 
with a fraction isolated from the periodate-oxidized material. 
It contained 1 mole of glucose and 2 moles of galactose 
and was devoid of radioactivity. It could not be distinguished 
from the trisaccharide Cl, 
D-galactOSe. 
Oligosaccharide N2a. Like the previous fragment N2b, 
this material contained glucose and galactose in the molar 
ratio 1:2. In it, 50% of the galactose was reduced by sodium 
borohydride. Of the enzymes tested, 0-glucosidase and 13-
galactosidase had no effect but a small amount of glucose 
was liberated by a-glucosidase. The specific activity of the 
glucose in the oligosaccharide and that released by enzyme 
treatment indicated that it was derived from glucuronic acid. 
Partial acid hydrolysis produced material identical with 
the disaccharides, o-a-D-glucOsyl-D-galactose (N5b) and 
0.0-D-galactosyl-D-galactose (N4). The trisaccharide N2a 
is thus 
Oligosaccharide NJ. The slowest moving fragment, Ni, 
obtained from the carboxyl-reduced polysaccharide con-
tained glucose and galactose in equimolar amounts. The 
terminal reducing sugar determined by borohydride treat-
ment was galactose, 50% of which was reduced. There was 
no release of galactose by - or 0-galactosidases. However 
both 3-glucosidase and a-glucosidase released some glucose. 
Each enzyme liberated 10-15% of the total glucose available. 
The specific activity of the glucose in the oligosaccharide 
was equal to that from the polysaccharide, indicating equal 
derivation from glucose and glucuronic acid. The glucose 
released by a-glucosidase was radioactive but not that from 
13-glucosidase action. Partial acid hydrolysis (0.5 N 14 2SO 4 
for 30 min at 100°) released glucose and galactose together 
with all the oligosaccharides already listed from the carboxyl-
reduced polysaccharide. Some of these fragments were only 
released in very small amounts. From these results it seems 
that the oligosaccharide Ni is a tetrasaccharide for which 




In this structure, the £1-glucosyl residue is that derived from 
glucuromc acid. 
Table 1V lists the properties of the fragments obtained 
from carboxyl-reduced polysaccharide. 
Discussion 
One of the problems in selecting a system for the study 
of bacterial exopolysaccharide synthesis is the lack of knowl-
edge of the structure of such polymers. The observation 
by Dudman and Wilkinson (1956) that K. aerogenes type 8 
secreted a capsule containing glucose, galactose, and glu-
curonic acid indicated that it might provide a suitable system. 
The molar ratio of the component sugars has been confirmed 
as glucose: galactose: glucuronic acid 1:2:1. This indicates 
the possibility of a tetrasaccharide repeating unit, whose 
structure is simplified by the absence of acyl or pyruvyl 
groups. 
The largest fragment isolated from the original poly-
saccharide or from the carboxyl-reduced polymer was a 
tetrasaccharide. From all the data obtained, the structure 





If this is in fact the repeating unit, some reconciliation 
with the results is required. The position of the glucuronic 
acid as a side chain renders it susceptible to periodate oxidation 
as was confirmed. However, in a repeating tetrasaccharide 
structure, the periodate-oxidized material should yield 
fragments larger than the tetrasaccharide 13-glucosyl-0-
galactosylgalactose, as all the neutral sugar residues were 
periodate resistant. The observation that the terminal reducing 
galactose in the above structure and the terminal glucose 
moiety were not oxidized by periodate indicates that both 
are substituted in the 3 position. Thus if there is a repeating 




This should therefore yield a number of possible trisaccha- 
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rides and larger fragments on partial hydrolysis of the oxidized 
polysaccharide. One possibility, albeit unlikely, is the presence 
of some other periodate-sensitive constituent between the 
galactosyl and glucosyl residues to give the sequence -3- 
galactosyl- 1 -X- 3 -glucose. The alternative is that the linkage 
between galactose and glucose is extremely labile. Studies 
on the structure of lipopolysaccharides from Salmonella 
species (Osborn et al., 1964; Sutherland et al., 1965) indicated 
that the linkage in the disaccharide a-galactosyl-1---*3-
glucose is indeed extremely acid labile. No disaccharide 
of this structure was obtained in partial acid hydrolysates 
of the lipopolysaccharides and its configuration was only 
proved by other means (Osborn et al., 1964). It is not known 
whether the corresponding /3-linked disaccharide is equally 
acid labile. Although both types of this disaccharide have 
been synthesized, no record of their isolation from poly-
saccharides of which they form part has been given (Bailey, 
1965). The presence of this highly acid-labile linkage in the 
polysaccharide of K. aerogenes type 8 would lead to the 
preferential production of the tetrasaccharide isolated. The 
corresponding neutral tetrasaccharide would be obtained 
from the carboxyl-reduced polymer and the trisaccharide 
from the oxidized polysaccharide. It is therefore postulated 
that the repeating unit of this exopolysaccharide is a tetra-




It is interesting that, along with the exopolysaccharides of 
K. aerogenes types 2 and 54 (Gahan et al., 1967; Conrad 
etal., 1966), the basic structure of K. aerogenes type 8 capsular 
polysaccharide should be a tetrasaccharide in which one of the 
sugars forms a short side chain. The only other similarity 
between these three polymers is that each tetrasaccharide 
contains three different sugars and that two moles of glucose 
are present in each. 
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Formate, a New Component of 
Bacterial Exopolysaccharides 
TnE occurrence of non-carbohydrate substituents rn 
bacterial exopolysaccharides has been well documented. 
Acetate and pyruvate have frequently been detected 
either separately or together in the same polysaccharid&' 2 . 
More recently, a polysaccharide secreted by Alcaligenes 
faecahs var. myxogenes was shown to contain succinate 3 . 
Although formate is known as a bacterial metabolite it 
has not previously been reported as an integral component 
of bacterial extracellular polysaccharides. This may be 
partly because of the lack of suitable methods for detection 
or estimation of formate and also because of the known 
lability of 0-acyl groups on carbohydrates. 
The basic structure of the polysaccharide forming the 
extracellular slime or capsule of Kleb8idlla aero genes type 
54 (strain A3) was established by chemical methods 4 . 
A repeating unit structure was identified as 3-cellobiosyl-
cc-glucuronosyl - 1—+3-fucose. When the polysaccharide 
from this strain was hydrolysed with phage-induced 
depolymerase enzymes, two products were obtained 5 . 
Each was identified as a tetrasaccharide with the same 
structure as the repeating unit of the polysaccharide, 
but one of these oligosaccharides was acetylated while 
both contained an unidentified substitutent. 
The polysaccharide did not contain pyruvate or sue-
cinate. Unlike 0-acetyl groups, the unknown com-
ponent was not removed by mild alkaline treatment 
(0.01 M KOH at 200  C for 16 h), but was absent after 
mild acid hydrolysis (005 M H 2SO 4 at 1000  C for 15 mm). 
Hydroxamic acid derivatives were prepared from acid 
hydrolysates of the polysaccharide by the method of 
Thomson 6  and compared with authentic compounds by 
descending paper chromatography in butan-1-ol--acetic 
acid—water (4 : 1 5, upper phase) for 20 h. Spots were 
revealed by spraying with 10 per cent ferric chloride 
solution. After drying at room temperature, two spots 
were present with RF values 051 and 043 respectively. 
These were exactly equidistant with acetylhydroxamic 
acid and with formylhydroxamic acid respectively. To 
confirm that formate was a substituent of the poly-
saccharide and of oligosaccharides derived from it, the 
enzyme formate dehydrogenase was prepared from 
Pseudomonas oxalatwu87 . This enzyme is specific for 
the NAD-linked oxidatioa of formate and is unaffected 
by the presence of actate. Assay of mild acid hydro-
lysates of the polysaccharide or the oligosaccharides 
obtained by depolymerase treatment gave reduction of 
NA]) in the presence of formate dehydrogenase. By 
comparison with standards, the formate content of 
samples was calculated to be in the approximate ratio of 
one mole formate per mole of fucose or glucuronic acid. 
Calculated on a dry weight basis the polysaccharide con-
tained 465 per cent glucose, 191 per cent fucose, 20 per 
cent glucuronic acid, 63 per cent acetate and 62 per cent 
formate. Some loss of formate could be expected because 
of the volatility of the free acid obtained after acid 
hydrolysis of the samples. A similar result was obtained 
for the acetylated tetrasaccharide. The non-acetylated 
tetrasaccharide also contained one molar equivalent of 
formate. It is also possible to estimate the presence of 
formate by reduction to formaldehyde and use of the 
chromotropic acid reagents. Using this method, the 
formate content of the non-acetylated oligosaccharide 
was in good agreement with the value obtained by the 
enzymic method. 
The sugar which is forrnylated is not known, but one 
residue can definitely be excluded. Treatment of either 
tetrasaccharide with a f3-glucosidase preparation liberated 
one mole of glucose in each case. The other product was a 
trisacchnride containing either formate or formate and 
acetate. Further enzymic hydrolysis was not possible. 
Attempts to isolate a formylated sugar by graded acid 
hydrolysis have also proved unsuccessful. 
Preliminary experiments indicate that formate is 
present in the extra-cellular polysaccharides of several 
other K. aero genes strains. It is not present in all strains, 
however, and it remains to be seen how widespread is 
the occurrence of formate in polysaccharides of other 
bacterial species or of non-bacterial origin. 
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The Synthesis of Exopolysaccharide by Kiebsiella aero genes Membrane 
Preparations and the Involvement of Lipid Intermediates 
By I. W. SUTHERLAND AND MARY NORVAL* 
Department of General Microbiology, University of Edinburgh, West Mains Road, Edinburgh EH9 3JG, U.K. 
(Received 20 July 1970) 
1. Membrane preparations from Kiebsiella aerogenes type 8 were shown to transfer 
glucose and galactose from their uridine diphosphate derivatives to a lipid and to 
polymer. The ratio of glucose to galactose transfer in both cases was 1:2. This is the 
same ratio in which these sugars occur in native polysaccharide. Galactose transfer 
was dependent on prior glucosylation of the lipid. Mutants were obtained lacking 
(a) glucosyltransferase and (b) galactosyltransferase. The transferase activities in a 
number of non-mucoid mutants was examined. 2. Glucose transfer was partially 
inhibited by uridine monophosphate, and incorporation of either glucose or galactose 
into lipid was decreased in the presence of uridine diphosphate. The sugars are 
thought to be linked to a lipid through a pyrophosphate bond, and treatment of the 
lipid intermediates with phenol yielded water-soluble compounds. These could be 
dephosphorylated with alkaline phosphatase. Transfer of glucuronic acid to lipid or 
polymer from uridine diphosphate glucuronic acid was much lower than that of the 
other two sugars. 3. The fate of sugars incorporated into polymer was also followed. 
Some conversion of glucose into galactose and glucuronic acid occurred. Mutants un-
able to transfer glucose or galactose to lipid were unable to form polymer. Other 
mutants capable of lipid glycosylation were in some cases unable to form polymer. 
A model for capsular polysaccharide synthesis is proposed and its similarity to the 
formation of other polymers outside the cell membrane is discussed. 
Two polysaccharides common to most Gram-
negative bacteria, mucopeptide and lipopoly-
saccharide, both contain repeating units in their 
structure. The synthesis of each of these compounds, 
reviewed by Ghuysen, Tipper & Strominger (1969) 
and by Nikaido (1968) respectively, occurs by mem-
brane-bound enzymes. Sugars are added sequen-
tially from sugar nucleotide precursors to a lipid 
carrier. The lipid involved is apparently very similar 
in each system and has been identified as a phos-
phorylated C 55 -isoprenoid alcohol of the general 
structure: -[CH 2-C(0H3)=CH-CH2]- (Wright, 
Dankert, Fennessey & Robbins, 1967; Higashi, 
Strorninger & Sweeley, 1967). The Gram-positive 
species Micrococcus lysodeikticus similarly uses a 
lipid carrier during synthesis of an extracellular 
mannan (Scher, Lennarz & Sweeley, 1968). 
A third type of extracellular polysaccharide 
synthesized by Gram-negative bacteria, and found 
also in some Gram-positive species, is capsule or 
slime material. The synthesis of this has received 
much less attention than that of other polymers. 
Studies with Diplococcus pneumoniae showed the 
requirement for particulate enzyme preparations 
* Present address: Department of Pharmacology, 
University of Wisconsin, Madison, Wis., U.S.A.  
and the incorporation of radioactively labelled 
sugars from appropriate sugar nucleotides into 
polymer (Smith, Mills & Bernheimer, 1961). More 
recent work on the structure of a number of capsular 
or slime polysaccharides from Gram-negative 
bacteria showed that they are generally composed 
of fairly simple repeating units composed of three 
to six sugar residues (e.g. Hungerer, Jann, Jann, 
ørskov & ørskov, 1967; Conrad, Bamburg, Epley & 
Kindt, 1966; Sutherland, 1969). There is thus some 
similarity between the 0-antigen component of 
lipopolysaccharides and the exopolysaccharides 
synthesized by such species as E8cherichia coli or 
Kiebsiella aerogenes. Both are extracellular poly-
mers and both contain sugar repeating units of 
grossly similar type. The only indication of similari-
ties in the biosynthesis of these two polysaccharides 
was the report of involvement of a lipid carrier stage 
in the synthesis of capsular polysaccharide by a 
K. aerogenes strain (Troy & Heath, 1968). The 
component sugars of the polymer were galactose, 
mannose and glucuronic acid, but no details of the 
structure were given. 
The strain A4 (serotype 8) of K. aerogenes has a 
simple tetrasaccharide repeating unit (Fig. 1) 
(Sutherland, 1970). It does not contain acetyl or 







Fig. 1. Tetrasaccharide repeating unit of K. aerogenes 
strain A4 capsular polysaccharide. 
pyruvyl groups and was chosen for its simple 
structure and the ready availability of the pre-
sumed glycosyl donors: UDP-glucose, 1JDP-galac-
tose and LJDP-glucuronic acid. An examination of 
several of the enzymes thought to be involved in 
the formation of the sugar nucleotide glycosyl 
donors required for exopolysaccharide synthesis has 
already been made (M. Norval & I. W. Sutherland, 
unpublished results) with the wild-type strain and a 
number of mutants. The present study reports 
the use of membrane preparations in a cell-free 
system for the transfer of sugars from sugar 
nucleotides to lipid-soluble material and to poly-
saccharide-resembling capsular material. 
MATERIALS AND METHODS 
Cultures. The wild-type strain of K. aerogenes strain A4 
(serotype 8) was studied by Dudman & Wilkinson (1956) 
and the structure of its exopolysaccharide capsule has 
been determined (Sutherland, 1970). The isolation of 
mutants from it and the contents of several of the enzymes 
involved in sugar nucleotide synthesis have been ex-
amined (M. Norval & I. W. Sutherland, unpublished work). 
Bacteria were normally grown in nutrient broth or in 
trypticase soy broth (Baltimore Biologicals Laboratory, 
Baltimore, Md., U.S.A.) supplemented by 1% (w/v) 
glucose. A number of mutants were also grown in nutrient 
broth containing 1% (w/v) galactose. Cultures were 
grown in 1 litre quantities in 2-litre Erlenmeyer flasks 
shaken at 35°C for 15h at 200rev./min. 
Analytical methods. Protein was determined by the 
method of Lowry, Rosebrough, Farr & Randall (1951). 
Glucose, galactose and glucuronic acid were determined as 
described by Sutherland (1970). 
Chemicals. Unlabelled sugar nucleotides were purchased 
from Sigma (London) Chemical Co. Ltd. (London S.W.6, 
U.K.) and from C. F. Boehringer und Soehne G.m.b.H. 
(Mannheim, Germany). ' 4 C-labelled sugar nucleotides 
(randomly labelled in the sugar moieties) were obtained 
from The Radiochemical Centre (Amersham, Bucks., 
U.K.). Other chemicals and biochemicals were of the 
highest grade commercially available. 
Chromatography and electrophoresis. Descending paper 
chromatography was performed at room temperature in 
the following solvent systems with Whatman no. 1 paper: 
solvent A, butan-1-ol-pyridine-water (6:4:3, by vol.) 
(Whistler & Conrad, .1954); solvent B, ethyl acetate-
acetic acid-formic acid-water (18:3:1:4, by vol.) (Feather 
& Whistler, 1962); solvent C, ethyl acetate-pyridine-
acetic acid-water (5:5:1:3, by vol.) (Fischer & Doerfel, 
1955); solvent D, ethanol-I .0 M-ammonium acetate 
(pH7.5) (7:3, v/v) (Paladini & Leloir, 1952). T.l.c. on  
silica gel G plates was carried out in solvent E [chloroform-
methanol-water (12:6:1, by vol.)]. Paper electro-
phoresis on Whatman no. 1 paper was performed -in 
pyridine-acetic acid buffer, p115.3. Locarte paper-
electrophoresis equipment was used with a current of 
90mA applied for 3h at 40V/cm. Development of 
chromatograms or electrophoresis strips was carried out 
with - alkaline AgNO 3 reagent or with the phosphate 
reagent of Hanes & Isherwood (1949). 
Measurement of radioactivity. Radioactivity on paper 
strips was located with a Tracerlab 4 pi Scanner. Because 
of the low efficiency of counting, results were usually 
checked by cutting out 1 cm segments and placing them 
in vials with lOml of toluene containing 0.5% of 2,5-
diphenyloxazole for scintillation counting in a Beckmann 
ambient-temperature scintillation spectrometer (Lennarz 
& Talamo, 1966). Lipid extracts were evaporated to 
dryness at 60°C and their radioactivities counted in lOmi 
of Triton scintillation fluid (Lennarz & Talamo, 1966). 
Radioactivities of material from t.l.c. plates were also 
counted in this fluid. For aqueous samples a dioxan-
based scintillation fluid was used [Nuclear Enterprises 
(G.B.) Ltd., Edinburgh, U.K.]. The efficiency of counting 
for "C was approx. 50% for liquid samples and 30% for 
paper samples determined by scintillation counting. 
Preparation of membrane material. Cells from 2 litres of 
culture were harvested by centrifugation at 5000g and 
washed twice in 0.9% NaCl buffered to p118.0 with 
10 mM-tris. They were then resuspended in 50m1 of 10mM-
tris-HCI buffer, p118.0, and lOml portions were treated 
for 2min in MSE ultrasonic equipment with 100W out-
put. The container was cooled with an ethanol-ice mix-
ture and the unbroken cells were removed by centrifuga-
tion at 5000g for 20 min. The supernatant fluid from this 
preparation was then centrifuged at 20 000g for 60 mm 
and washed by resuspension in tris buffer. The reddish 
gel of membrane material was carefully removed and 
resuspended in 5m1 of water at 0°C. 
Assay for lipid material. Samples (SO.sl) from incuba-
tion mixtures were added to 4m1 of chloroform-methanol 
(2:1, v/v) and homogenized in a vortex mixer. The tubes 
were then placed in a water bath at 60°C for 5min and 
again mixed. Then imI of 0.9% NaCl was added and the 
mixture was again homogenized. Phase separation was 
achieved by centrifugation for 15min in a bench centri-
fuge. The aqueous layer and interface were carefully 
removed by using a long Pasteur pipette and gentle suc-
tion. The chloroform layer was carefully transferred to 
scintillation vials with fresh Pasteur pipettes. Zero-time 
controls consistently showed radioactivities of 20-25 c.p.m. 
This was also true of samples of the different labelled 
sugar nucleotides included to check that there was no 
breakdown or carry-over of sugars with this technique. 
Assay for polymer material. Samples (25 or SO/LI) from 
incubation mixtures were applied to Whatman no. 1 paper 
as 2 c strips. The sheets of paper were irrigated for 20 h 
in solvent D to remove low-molecular-weight material. 
The areas at the origin forming strips 2 cm x  cm were cut 
out and their radioactjvitjes determined. 
RESULTS 
Transfer of sugars to lipid material. The ability 
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transfer sugars from sugar nucleotides to lipid 
material was observed by Troy & Heath (1968). 
There are, however, considerable disadvantages in 
using whole cells. In an attempt to overcome these, 
membrane material was prepared as described in 
the Materials and Methods section. This was then 
used as a potential source of enzymes for exopoly-
saccharide synthesis. Incubation mixtures were 
prepared as follows: 0.25M-tris-HC1 buffer, pH 8.0, 
100 j.d; 50 misi-magnesium chloride, 50 jd; membrane 
suspension, 200 1ul; water, l00 d. Sugar nucleotides 
were added in the same proportions as the sugars 
were found in the polysaccharide, namely 400 nmol 
of 1JDP-glucose or 1JDP-glucuronic acid and 
800 nmol of UDP-galactose. Labelled nucleotides 
were added as follows :UDP-glncose, 3.7 x 10 c.p.m.; 
UDP-galactose, 1.1 x 10 c.p.m.; UDP-glucuronic 
acid, 5.5x 10 c.p.m. The total volume was adjusted 
to 550 1d with water. The mixtures were allowed to 
equilibrate to room temperature (20°C) before 
addition of the sugar nucleotides and finally the 
membrane. 
When single nucleotides were added, with mem-
brane from wild-type cells, there was rapid transfer 
of glucose or galactose from their respective sugar 
nucleotides to lipid material but no transfer of 
glucuronic acid. The rate of incorporation of either 
sugar was maximal over the first 10min but con-
tinued at a decreased rate for 30-40mm. Typical 
results are shown in Fig. 2. After 30min the ratio 
of glucose incorporation to galactose incorporation 
was approx. 3.5: 1, and no glucuronic acid was 
transferred. 
On the addition of all three sugar nucleotides, 
each in turn being labelled, a different pattern of  
incorporation was observed. Typical results (Fig. 3) 
show that the amount of galactose incorporated 
into lipid is approximately twice that of glucose. 
Much less glucuronic acid than glucose or galactose 
was transferred. As the cells contain an active tJDP-
galactose 4-epimerase in the membrane fraction 
(M. Norval & I. W. Sutherland, unpublished work) 
it was to be expected that some interconversion of 
the sugars would occur. Such interconversion 
would only be absent from epimerase-less mutants 
and attempts to obtain these were unsuccessful. 
The presence of a particulate UDP-glucose de-
hydrogenase would also permit some incorporation 
of glucose into IMP-glucuronic acid and hence into 
lipid, but the very small extent of transfer of labelled 
glueuronic acid from IMP-glueuronie acid, to lipid 
was unexpected. The absence of such transfer 
activity might be due to: (i) large quantities of 
membrane-bound UDP-glucuronic acid; (ii) the 
addition of glucuronic acid from a precursor other 
than UDP-glucuronic acid; (iii) a soluble glucu-
ronyltransferase; or (iv) the addition of glucuronie 
acid at a relatively late stage in biosynthesis to a 
neutral sugar 'core'. The first three of these possi-
bilities can be excluded. Extraction of membrane 
preparations with ethanol yielded only trace 
amounts of UDP-glucuronic acid, identified and 
determined as described by Grant, Sutherland & 
Wilkinson (1970). Nor was any other glucuronic 
acid-containing nucleotide detected. The addition 
to the assay mixture of the 20 000g supernatant 
obtained during membrane preparation caused no 
increase in glucuronic acid transfer to lipid. 
Transfer activity. Attempts to obtain transfer 
of the neutral sugars to lipid material were made with 
Fig. 2. Transfer of sugar from sugar nucleotides to lipid. 
The standard incubation mixture was used containing a 
single sugar nucleotide together with ' 4 C-labelled material. 
Samples (50l) were withdrawn at intervals and extracted 
(400 nmol of UDP-glucose or UDP-glucuronic acid or 
800 nmol of TIDP-galactose was used) with chloroform-
methanol (2:1, v/v). •, UDP-glucose; A, iJDP-galactose; 
•, IJDP-glucuronic acid. 
Fig. 3. Transfer of sugars from mixtures of sugar nucleo-
tides to lipid. The standard incubation mixture contained, 
in each case, all three sugar nucleotides, one of which was 
labelled with ' 4 C in the sugar moiety. Samples were taken 
periodically for chloroform-methanol extraction. •, 
UDP-galactose; A, UDP-glucose; •, UDP-glucuronic 
acid. 
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a number of cell fractions. Only a complete ultra-
sonic lysate and the material deposited by centri-
fugation at 20 000g were active in the transfer of 
glucose or galactose. On the basis of protein content 
the membrane preparations were two to three times 
as effective as an equivalent amount of whole-cell 
lysate in the transfer of either sugar from the 
corresponding sugar nucleotide to lipid material. 
The supernatant fluid from the 20 000g centrifuga-
tion and material deposited from it by ultracentri-
fugation at 100 000g were completely inactive. 
Normally membrane preparations were used 
immediately after preparation, all stages during the 
process being performed in the cold. However, 
preparations held in vials completely surrounded by 
ice at 0°C for up to 4 days retained 90% of their 
activity. Preparations that were frozen and then 
rapidly thawed at room temperature lost all 
transferase activity. When thawing was carried out 
slowly over a period of 4-5 h frozen samples retained 
about 80% of their activity with respect to glucose 
or galactose transfer. This was true of material kept 
for up to 28 days at -20°C. 
A requirement for Mg2+  has been shown for 
glycosyltransferase activity in other polysaccharide-
synthesizing systems, and magnesium chloride was 
accordingly included in the present assay system. 
Omission of Mg2+  resulted in decrease of glucose 
transfer by about 25%. It is, however, difficult to 
wash membrane preparations thoroughly with 
water, as the presence of mucoid material from wild-
type cells leads to a loosely packed sediment that 
probably carries over ions from the original culture. 
Consequently the validity of this result is difficult 
to assess. Replacement of Mg2+  with other bivalent 
cations was also tested. The presence of Co2+  or 
Ca2+ ions resulted in the same extent of glucose 
transfer but Mn2+  caused a 30% decrease. This 
could be due to competition for sites normally using 
Mg 2+. 
Transferase activity in mutants. A number of 
mutants unable to synthesize capsular polysaccha-
ride were isolated. Examination of 23 of these non-
mucoid mutants showed that when membrane 
preparations were incubated with the three sugar 
nucleotides transfer of glucose or galactose to lipid 
was lower than in wild-type preparations. Results are 
exemplified by strains 030, 032, 034 and 036 shown 
in Table 1. In all of these mutants tested, the ratio 
of glucose to galactose incorporation into lipid 
resembled that of wild-type material in having a 
value of almost 1:2. In only two mutants (040 and 
042) of this group were deletions known to occur 
before the sugar nucleotide stage. These two 
mutants were defective in phosphoglucomutase and 
UDP-glucose pyrophosphorylase respectively (M. 
Norval & I. W. Sutherland, unpublished work). 
The other 21 strains had normal profiles for the 
Table 1. Comparison of sugar incorporation into lipid 
material by wild-type and mutant strains 
The standard incubation mixture containing UDP-
glucose, UDP-galactose and IJDP-glucuronic acid was 
used with either UDP-[' 4 C]glucose or UDP-[ 14 C]ga1actose. 
Samples were withdrawn at 30 min intervals and extracted 
with chloroform-methanol (2:1, v/v). The resultant 
incorporation is based on the values obtained at 60mm 
after the start of incubation. 
Sugar incorporation (nmol/h per mg of 
membrane protein) 
Strain Glucose Galactose 
Wild-type 0.124 0.284 
030 0.010 0.019 
032 0.046 0.068 
034 0.053 0.090 
036 0.053 0.124 
037 0 0 
029 0.013 0 
038 0.020 0 
037+038 0.009* 0.004 
* Results expressed relative to total protein. 
enzymes leading to sugar nucleotide formation and 
modification. Four further mutants (K119, K121, 
029 and 038) incorporated glucose but not galactose. 
Repeated experiments confirmed this result. Two 
mutants (K138 and 037) showed no incorporation 
of either glucose or galactose into lipid. When 
equal quantities of membrane preparations from 
strain 037 and either strain 029 or strain 038 were 
combined, incorporation of glucose was detected 
together with some incorporation of galactose. This 
indicated that some galactose transferase activity 
was present in the strain-037 preparation and that 
galactose transfer was dependent on prior glucose 
transfer. The results for several of these strains 
together with those for a normal K. aerogenes A4 
preparation for comparison are shown in Table 1. 
Incorporation of glucuronic acid from UDP-
glucuronie acid was too low to permit accurate assay. 
The generally lower extent of sugar transfer in the 
mutant strains could be due to lowered production 
of the enzymes involved, perhaps through specia-
lized control mechanisms. To test this membrane 
preparations from the phosphoglucomutase-less 
strain were used. The cells were grown (a) in the 
trypticase soy medium supplemented with glucose 
and (b) in the same medium supplemented with 
galactose. The results for sugar transfer obtained 
with the two preparations are shown in Table 2. In 
this strain at least there is much lower transferase 
activity with membranes prepared from cells in the 
glucose medium, i.e. conditions under which no 
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Effects of potential inhibitors. In other systems in 
which transfer of sugars to lipid occurs a number of 
inhibitors are known. Thus the detergent Triton 
X-100 selectively prevents mannan synthesis from 
mannolipid in M. lyaodeikticus (Scher & Lennarz, 
1969) and bacitracin stops phosphate release in the 
final stage of mucopeptide synthesis (Siewert & 
Strominger, 1967). If the process of exopoly-
saccharide synthesis is similar to these other systems 
such inhibitors might also be effective. A membrane 
preparation from wild-type cells was used and the 
results of Triton and bacitracin on sugar transfer to 
lipid are shown in Table 3. Unlike the effect on the 
mannan system, Triton inhibits transfer of sugars 
to lipid. Bacitracin also affects sugar transfer to 
some extent, thus resembling the effect on muco-
peptide system but differing from that on lipopoly-
saccharide biosynthesis. 
The mechanism of transfer of the initial sugar in 
0-antigen synthesis involves transfer of the sugar 
1-phosphate together with release of the nucleo- 
Table 2. Activity of membrane preparations from a 
phosphoglucomutase-less mutant (strain 040) grown 
in media supplemented with glucose or galactose 
The standard incubation mixture with all sugar nucleo-
tides was used. Samples were withdrawn at 30mm 
intervals and extracted with chloroform-methanol (2:1, 
v/v). 
Sugar incorporation (nmol/h per 
mg of protein) 
Medium containing 	Glucose 	Galactose 
Glucose 	 0.006 0.006 
Galactose 0.031 	0.090  
tide phosphate. Thus, if the first step in capsule 
polysaccharide formation is the transfer of glucose 
1-phosphate from UDP-glucose, UMP should be 
released and it should also inhibit the reaction. 
Similarly subsequent sugar transfer might be 
inhibited by UDP. The standard assay system for 
glucose incorporation was first used with UDP-
glucose as the only sugar nucleotide present. Simi-
larly the effect on galactose transfer from a mixture 
of UDP-glucose and UDP-galactose was also tested. 
The results for these mixtures are shown in Figs. 
4(a) and 4(b) respectively. Clearly the transfer of 
glucose to lipid is strongly inhibited by the presence 
of lIMP. The effect of UDP is probably in stopping 
transfer of galactose from UDP-galactose, formed 
by epimerization of the UDP-glucose. The almost 
complete inhibition of galactosyl transfer by UDP 
Table 3. Effect of bacitracin or Triton X-100 on 
sugar transfer to lipid 
The incubation mixture in all experiments contained all 
three sugar nucleotides together with either UDP.[' 4 C]-
glucose or UDP.[' 4 C]galactose. Samples were extracted 
with chloroform-methanol (2:1, v/v) at 30 min intervals 
and the values for sugar incorporation are based on the 
60min value. 
Sugar incorporation (nmol/h per 
mg of protein) 
Incubation mixture Glucose Galactose 
Complete 0.246 0.405 
Complete+250jg of 0.170 0.311 
bacitracin 
Complete+0.25% 0.150 0.141 
Triton X-100 (final 
concn.) 
Fig. 4. Effect of UDP and UMP on sugar transfer to lipid. The incubation mixture with UDP-glucose only was 
used in (a) to show the effect on glucose transfer of the addition of UDP (200nmol) or UMP (200nmol). 
Samples were taken at intervals and extracted with chloroform-methanol. In (b) the effect of the same con-
centrations of UDP or UMP on galactose transfer from a mixture of UDP-glucose and 1.JDP-galactose is shown. 
•, Complete system; A, +UDP; U, +UMP. 
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is shown in Fig. 4(b), whereas the extent of inhibition 
by TJMP corresponds to that expected from the 
results for TJDP-glucose. As a further check on the 
initial reaction, involving glucose transfer, a series 
of ten standard incubation mixtures containing 
UDP-glucose only was prepared. After 30rnin of 
incubation at 2000  with K. aerogenes A4 membrane 
the reactions were terminated by pouring the 
suspensions into boiling ethanol. Extraction of 
nucleotides was performed as described by Grant 
et at. (1970). The water-soluble nucleotides were 
separated by paper electrophoresis for 4h and 
identified by staining with molybdate reagent 
(Hanes & Isherwood, 1949). Only two major spots 
were detected, corresponding in their electrophoretic 
mobilities to UDP-glucose and UMP respectively. 
A very small amount of material moving ahead of 
1JDP-glucose was possibly UDP. A control experi-
ment in which no membrane was added to the 
incubation mixture showed IJDP-glucose only. 
Characterization of lipid-soluble material. Attempts 
to scale up the incubation mixture to obtain suffi-
cient glycosyl-lipid were not satisfactory. Better 
results were obtained by pooling material from a 
number of experiments and using the standard 
incubation mixture. The chloroform—methanol-
soluble material was obtained in the normal manner 
except that extraction was at room temperature for 
15mm. The chloroform layers were then pooled, 
back-washed with water and evaporated under 
reduced pressure. The residual material was 
extracted into a small volume of methanol. The 
recovery of radioactive material was approx. 
90% of that originally present in the chloroform 
layers. Such material was prepared from incuba-
tion mixtures with either UDP-glucose as the sole 
sugar nucleotide or complete mixtures with each 
sugar in turn labelled. On electrophoresis in 
pyridine—acetic acid buffer, p115.3, all radioactivity 
remained at the origin. Chromatography in solvent 
D or t.l.c. on silica gel yielded some separation. In 
solvent D chromatograms of lipid labelled from 
either 1JDP-glucose or UDP-galactose showed two 
main areas of radioactivity. A broad band with 
1.26-1.34 contained 70% of the radioactivity 
detected. A further 15% moved with B 031 1.09, and 
three other peaks at R0a1 0.65, 0.48 and 0.22 
accounted for the remaining radioactivity. On the 
basis of comparison with IJDP-glucose or IJDP. 
galactose run under the same conditions, the peaks 
with RG 3 I 0.65 and 0.48 are probably cyclic phos-
phates, which occur as artifacts under the chromato-
graphic conditions used (Tovey & Roberts, 1970). 
When UDP-[ 14C]glucuronic acid was used two 
areas of radioactivity with R0. 1 1.26 and 0.13 were 
obtained. These possibly correspond to lipid-bound 
tetrasaccharide and tetrasaccharide phosphate re-
spectively. On t.l.c. in solvent E material labelled 
with glucose or galactose showed two peaks with 
BF 0.63 and 0.25 respectively, about 80% of the 
label being in the slower-moving peak. This is thus 
similar in its mobility to the mannolipid described 
by Caccam, Jackson & Eylar (1969). Insufficient 
glucuronic acid-labelled material was available to 
allow accurate identification of peaks. 
Phenol treatment. The pyrophosphate bridge of 
sugar diphosphate—lipid complexes can be broken 
by treatment with 45% (v/v) phenol at 60°C for 
5mm (Kent & Osborn, 1968). This method was used 
to examine the sugar diphosphate—lipid complexes 
formed by incubation of the sugar nucleotides with 
K. aero genes membrane preparations. The lipid 
material was dissolved in 50 jl of methanol and 
added to 450 [d of water, and 500 jil of aq. 90% (v/v) 
phenol was added. After 5 min at 60°C the mixture 
was cooled and extracted twice with 2ml portions 
of ether. Aqueous layers were freeze-dried. Samples 
of both organic and aqueous layers were checked 
for radioactivity, which was all found in the 
aqueous layers. Samples from the aqueous layers 
were submitted to paper electrophoresis. Little 
difference was detected in the products obtained 
with TJDP-[ 14C]gluc08e or UDP-[' 4C]galactose in a 
complete mixture of nucleotides. In each case the 
only radioactive material detected moved in a broad 
band with MGICUA 0.93-0.95 (cf. glucose 6-phos-
phate, MGICUA 0.65). After treatment with alkaline 
phosphate for lh at 37°C under conditions where 
lmrnol of glucose 1-phosphate was completely 
dephosphorylated, the preparations were again 
subjected to paper electrophoresis. All radioactivity 
was now detected in three areas, MGICUA  0.60 and 
0.45 and at the origin. The electrophoretic mobili-
ties correspond to those obtained for trisaccharides 
and a tetrasaccharide obtained by partial acid 
hydrolysis of K. aerogenes A4 polysaccharide and 
included on the paper for comparison (Sutherland, 
1970). When UDP-glucose was the sole sugar 
nucleotide present and the reaction was stopped 
after 30min at room temperature, the product of 
phenol treatment was slightly different. Two areas 
of radioactivity were detected after electrophoresis 
(MGICUA  0.65 and 0.60). After phosphatase treat-
ment all radioactivity remained at the origin. 
When the products of phenol treatment were 
incubated with alkaline phosphatase and applied to 
chromatograms in solvent B, the results from 
mixtures containing all nucleotides and labelled 
with UDP-[' 4C]glucose or UDP-[' 4C]galactose were 
similar. Each showed large amounts of radioactivity 
with RGIC 0.05 and 0.10, equidistant with a tn-
saccharide and a tetrasaccharide isolated previously 
from K. aerogenes A4 polysaccharide by partial acid 
hydrolysis (Sutherland, 1970). A small amount of 
material equidistant with glucose was observed. 
Another major peak of radioactivity had RGIC  0.35. 
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This is probably the disaccharide 0--n-galactosyl-
(1 ->3)-D-glucose, as lactose and melibiose, the only 
galactosides available for comparison, had R GIC 
values 0.32 and 0.30 respectively in this solvent. 
The product obtained when UDP-glucose was the 
sole sugar nucleotide present in the reaction 
mixture revealed only radioactivity equidistant 
with glucose and with the presumed disaccharide. 
These results strongly suggested that the sugars 
were being incorporated into the lipid in the same 
configuration in which they are present in the 
polysaccharide. The products from the TJDP-
glucose incorporation would thus be glucose 
1-phosphate and galactosylglucose 1-phosphate. 
Insufficient glucuronyl-labelled material was avail-
able to permit comparison with the other products. 
Polymeric material. No specific enzymes hydro-
lysing K. aerogenes serotype 8 exopolysaccharide 
are known. Consequently assay methods for the 
polymer are very limited. That described in the 
Materials and Methods section was used as a 
routine for convenience, but it is non-specific. A 
second, specific, method was used to confirm these 
results. This utilized the observation (Sutherland, 
1970) that mild acid hydrolysis (0.25M-sulphuric 
acid at 100°C for 30mm) of the serotype 8 poly-
saccharide yielded a number of oligosaccharides 
that could be separated by paper electrophoresis or 
by chromatography in solvent B. In all cases where 
polymer synthesis was shown by the first method it 
was confirmed by scanning after paper electro-
phoresis of partial acid hydrolysates. All radio-
activity was found to coincide with the oligo-
saccharides or with neutral material. 
When wild-type membrane preparations were 
incubated with UDP-glucose a small amount of 
sugar was incorporated into polymer. This was to 
be expected as the UDP-glucose could be converted 
into UDP-galactose and IJDP-glucuronic acid. 
However, incubation with IJDP-galactose or 
1JDP-glucuronic acid failed to yield polymer. When 
a complete mixture of nucleotides was incubated 
with the membrane, polymer, as determined by 
both assay methods, was formed. Typical results 
for polymer formation, as determined by the non-
specific assay with each sugar nucleotide in turn in 
the mixture labelled, are shown in Fig. 5. It is clear 
that both glucose and galactose are incorporated to a 
considerable extent and that the ratio of glucose to 
galactose incorporation is approx. 1: 2.  Much less 
glucuronic acid was incorporated. The pattern is 
thus very similar to that obtained for transfer of 
sugar to lipid. 
Examination of the various mutants showed that 
in most cases little if any polymer was formed. This 
was to be expected in those mutants from which the 
enzymes responsible for lipid intermediate forma-














Fig. 5. Transfer of sugars from sugar nucleotides to 
polymer. The complete incubation mixture containing all 
three sugar nucleotides was used with one of them labelled 
in the sugar moiety in each case. Samples (25l) were 
withdrawn at intervals and applied to a 2cm strip on a 
sheet of Whatman no. 1 paper. This was irrigated over-
night with solvent D. The area of the origin was cut out, 
placed in scintillation fluid in a counting vial and residual 
radioactivity was determined. •, UDP-galactose; A, 
UDP-glucose; •, UDP-glucuronic acid. 
not known to have defects in nucleotide synthesis 
or in lipid transferases. In these it was inferred that 
failure to synthesize capsule must be due either to 
lack of glucuronic acid transfer or to some later 
stage in synthesis. However, when the mutants 
lacking TJDP-glucose pyrophosphorylase and phos-
phoglucomutase were examined a rather surprising 
result was obtained. The pyrophosphorylase-less 
mutant grown either on glucose or galactose media 
formed polymer to much the same extent as the 
wild-type strain. This was also true for the phos-
phoglucomutase-less strain when grown on media 
containing galactose. After growth on glucose 
sugar transfer to lipid occurred but no polymer was 
formed. The reason for this remains unclear. It is 
possible that under these conditions some acceptor 
required for polymer formation is absent and syn-
thesis thus stops at the lipid intermediate stage. 
The mutant was obtained by using ethyl methane-
sulphonate as mutagen and as far as can be deter-
mined it is not a double mutant. 
Fate of label transferred to polymer. Polymer was 
prepared from pooled incorporation experiments in 
which each sugar nucleotide in turn was labelled. 
The starting material was the aqueous layer after 
chloroform—methanol extraction. Exopolysaccha-
ride was isolated either by phenol extraction followed 
by dialysis and ultracentrifugation to remove 
sugar phosphates and lipopolysaccharide respec-
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Table 4. Distribution of 140 in polymer labelled with ' 4C-labelled sugars from sugar nucleotide8 
The polymeric material prepared by incubation of membrane with complex mixtures of sugar nucleotides, 
one being labelled in each case, was prepared as described in the text. Hydrolysis and chromatographic separa-
tion were then performed also as described in the text. 
Distribution of radioactivity (c.p.m.) 
Initial label Glucose Galactose Glucuronjc acid+lactone 
Glucose 2221 193 79 
Galactose 269 1239 45 
Glucuronic acid 247 163 2127 
In either case the product was redissolved in a small 
volume of water, exhaustively dialysed and freeze-
dried. The crude products in each preparation were 
dissolved in water to give approx. 5000c.p.m. in 
200141. An equal volume of M-Sulphuric acid was 
added and the samples were hydrolysed in sealed 
tubes for 16h at 10000.  After neutralization with 
saturated barium hydroxide solution, salts and 
charged material were separated by paper electro-
phoresis, each preparation being applied to a 6cm 
strip on the paper. From each paper 2cm guide 
strips were cut out and checked for radioactivity. 
All radioactive material was located in each 
preparation equidistant with glucuronic acid and 
with the neutral material at the origin. These areas 
on the remaining 4cm strips were eluted, pooled 
and re-run on paper chromatograms in solvent A. 
The areas corresponding to glucuronic acid and 
lactone, glucose and galactose were cut out and 
their radioactivities counted. The distribution of 
radioactivity is shown in Table 4. 
If the polymer is identical with serotype 8 poly-
saccharide, the same products of partial acid 
hydrolysis should be obtained. This was performed 
as for the specific assay described above. After 
neutralization the samples were applied to Whatman 
no. 1 paper and subjected to paper electrophoresis. 
The material between glucuronic acid and the 
neutral material was eluted as one fraction and the 
neutral material as a second. They were applied 
to separate paper chromatograms run in solvents 
B and A respectively. In solvent B all material 
ran equidistant with the oligosaccharides isolated 
earlier from serotype 8 polysaccharide (Sutherland, 
1970) and used as standards. No radioactivity 
equidistant with glucuronic acid was detected. This 
confirms that the conditions of hydrolysis were 
insufficient to hydrolyse the aldobiouronic acid 
O-x-D -glucuronosyl-D -galactose. The chromato-
gram of the neutral material showed that all the 
radioactivity ran equidistant with glucose and 
galactose. This is also similar to the pattern with 
authentic serotype 8 polysaccharide, which fails 
to yield any neutral oligosaccharides on partial 
acid hydrolysis. 
DISCUSSION 
The gross similarity in the structure of the 
repeating units of exopolysaccharide capsules of 
K. aerogenes and the 0-antigenic components of 
lipopolysaccharides indicated a possible similarity 
in their synthetic processes. The fact that both 
polymers are located outside the cell membrane 
also points to possible similarities in precursor 
synthesis, organization, control and polymerization. 
The 0-antigens are synthesized by particulate 
enzymes contained in the cell membrane. Sequential 
transfer of sugars from sugar nucleotide precursors 
to an isoprenoid alcohol phosphate acceptor occurs 
(Nikaido, 1968). 
The results obtained in the present study 
showed that transfer of glucose from IJDP-glucose 
to a lipid acceptor occurs in membrane preparations 
of K. aerogenes serotype 8. The transfer of galactose 
occurs similarly. The sequence is most probably 
glucosyl transfer followed by galactosyl transfer. 
This is indicated on the basis of two observations: 
(i) although some transfer of galactose occurred in 
the absence of sugar nucleotides other than IJDP-
galactose, the highest yields of galactose-labelled 
lipid were obtained when UDP-glucose was also 
present; (ii) mutants were obtained that transferred 
(a) neither glucose nor galactose and (b) glucose 
only; no mutants transferring galactose only were 
obtained. In the type of mutant unable to transfer 
glucose galactosyltransferase activity was present. 
Galactosyltransferase thus requires glucosyl transfer 
as a prerequisite. 
The first stage in glycosylation of the lipid is 
probably similar to the first stage occurring in 
the synthesis of other extracellular polymers. In 
this reaction glucose 1-phosphate is transferred 
from UDP-glucose to the lipid carrier together 
with release of UMP. This is based on the 
inhibition of glucose transfer by UMP and iden-
tification of UMP as the major nucleotide pro-
duct of interaction between UDP-glucose and 
the membrane-bound enzyme system. The ratio 
of glucose to galactose transfer in both lipid and 
polymer was 1:2, the same ratio in which these 
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sugars occur in the native exopolysaccharide. 
Although not conclusive, this suggests that the 
system is in fact one concerned with exopoly-
saccharide synthesis and not with some other poly-
mer such as lipopolysaceharide from which glucose 
is essentially absent (Sutherland & Wilkinson, 
1966). Those mutants unable to transfer glucose or 
galactose to lipid did not form polysaccharide, 
indicating that the glycosylated lipids are inter-
mediates in exopolysaccharide formation. Further, 
in following the fate of the labelled sugars, radio-
active material corresponding in electrophoretic 
and chromatographic properties to characteristic 
oligosaccharide components of the exopolysaccha-
ride (Sutherland, 1970) was shown. 
The lipid acceptor has not yet been characterized. 
Initial experiments indicated that glycosyl-labelled 
lipid had several properties common to the iso-
prenoid intermediates known to occur in the syn-
thesis of three polysaccharides discovered outwith 
the bacterial cell: lipopolysaccharide (Wright et at. 
1967), mucopeptide (Higashi et at. 1967) and 
mannan (Scher et at. 1968). Chromatographic 
results also compared well with those for a similar 
exopolysaccharide system studied by Troy & 
Heath (1968; F. C. Troy, personal communication). 
If the lipid is indeed an isoprenoid alcohol such 
compounds appear to be involved generally in the 
synthesis of polysaccharides outside cell membranes. 
This activity has also been noted in kidney cells 
synthesizing mannose-containing glycoproteins 
(Caccam et at. 1969). They are thus not confined to 
procaryotic cells in this function. 
Interchangeability of lipid acceptors between 
mannan and exopolysaccharide systems (F. 
Frerman, E. C. Heath, M. Lahav, T. C. Chiu & W. J. 
Lennarz, unpublished work, cited by Lahav, Chiu & 
Lennarz, 1969) has been reported. It is not clear 
whether the lipids are identical in these and similar 
systems or merely show sufficient similarity to func-
tion in either system. If the former, the cell must  
possess suitable control mechanisms whereby lipid 
is allocated to the biosynthetic processes requiring 
it. It is perhaps significant that in K. aerogenes 
both UDP-galactose 4-epimerase and IMP-glucose 
dehydrogenase are membrane-bound (M. Norval & 
I. W. Sutherland, unpublished work). Thus for 
synthesis of polysaccharides outside the cell 
membrane IMP-glucose formed intracellularly 
would be passed to the modifying enzymes within 
the membrane. From these it could be spatially 
passed to the particle-bound enzymes and lipid 
carriers for the systems requiring them: exopoly-
saccharide with IJDP-glucuronic acid and both 
exopolysaccharide and lipopolysaccharide with 
IMP-galactose. This is shown diagrammatically in 
Scheme 1. This could explain the failure to in-
corporate significant amounts of glucuronic acid 
from UDP.glucuronic acid. The spatial configura-
tion of the enzymes may only accept IMP-glucose, 
modify it and in this way lead to polymer synthesis. 
It may also be relevant that glucuronic acid forms 
short side chains in the polysaccharide and is not 
part of the linear chain (Sutherland, 1970). 
The formation of exopolysaccharides thus ap-
pears to be a complex process involving a series of 
reactions: 
formation of intermediates such as IMP-
glucose; 
modification of the sugar nucleotides to yield 
UDP-glucuronic acid; 
sequential transfer of the sugars to a lipid 
carrier, which is probably an isoprenoid alcohol 
phosphate; 
polymerization and extrusion into the extra-
cellular environment. Associated with the final 
stage there must presumably be some mechanism 
of attachment to the cell surface, as it is known that 
stable mutants arise yielding exopolysaccharide 
slime but no discrete capsules (Wilkinson, Duguid & 
Edmunds, 1954; M. Norval & I. W. Sutherland, 
unpublished work). The entire process thus 
Cytoplasm 
	









Scheme 1. Postulated structural arrangement for polysaccharide synthesis. UDP-glucose passes through the 
cell membrane to reach the membrane-bound dehydrogenase and epimerase enzymes. After modification by 
these enzymes the sugar nucleotides so formed, UDP-glucuronic acid and UDP-galactose, are utilized by the 
transferases to form precursors for capsule or in the latter case also for lipopolysaccharide. Finally, polymer is 
excreted from the exterior surface of the membrane. 
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requires a considerable number of enzymes and a 
correspondingly large amount of genetic informa-
tion for the synthesis of structures whose role 
remains largely unknown and that in the laboratory 
are not essential for cell viability. 
The authors are grateful to Professor E. C. Heath and 
Dr F. C. Troy for discussions and communication of 
unpublished results. The technical assistance of Miss 
I. C. Miller is gratefully acknowledged. Part of this work 
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Comparative Structural Studies on the M-Antigen from 
Salmonella zyphimurium, Escherichia coli and 
Aerobacter cloacae 
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I. W. SUTHERLAND  b 
ainstitutionen for organisk kemi, Stockholms Universitet, S-11327 Stockholm, Sweden, and 
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Structural studies have been carried out on the M-antigen isolated 
from S. typhimurium 395MRO (Ml and M2), E. coli K12 (853 and 
S61), two other E. coli strains (815 and S20), and A. cloacae NCTC 035, 
259 and 923. They all seem to have the same basic structure and 
are composed of hexasaccharide repeating units. All but one 
(S. typhimurium 395MB0-M1) contain O-acetyl groups. Structural 
variation is provided by various alkylidene groups, linked to the 
terminal D-galactopyranose residues. These are ethylidene, carboxy-
ethylidene, and methylene groups. The former are linked to positions 
3 and 4 of the n-galactose residue, while carboxyethylidene groups 
can alternatively be linked to positions 3,4 or 4,6. The methylene 
groups are linked to positions 4 and 6. 
An acidic polysaccharide, M-antigen or colanic acid, is produced by several Enterobacteriaceae, when these are grown under appropriate conditions. 
The early work on the structure of these polysaccharides has beensum marized.' 
In recent investigations, the M-antigen from E. coli K12 (S53)2,3 and 
S. typhimurium 395MR0 (Ml and M2)4 ' 5 have been studied by fragmentation 
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analysis, methylation analysis, and other methods. These studies demonstrated 
that the different M-antigens have a similar structure and are composed of 
hexasaccharide repeating units. A detailed structure (I) for this hexasaccharide 
repeating unit could be proposed. 
The terminal D-galactopyranose residue in I was substituted in different 
manners in the M-antigens investigated. In the E. coli Ki 2 (S53) polysaccharide 
it carried a 4,6-0-carboxyethylidene group, 2 ' 3 in the S. typliimurium 395MR0-
Ml polysaccharide a 3,4-0-ethylidene group, 45 and in the S. typhimurium 
395MR0-M2 a 3,4-carboxyethylidene group. 5 Furthermore, 0-acetyl groups 
were present in all polysaccharides but one, namely that from S. typhimurium 
395MR0-M1. In order to examine more thoroughly the general validity of 
structure I and possible variations in the nature and mode of linkage of the 
O-alkylidene groups, an exploratory screening of the M-antigens isolated from 
various enterobacteria has been carried out. 
RESULTS AND DISCUSSION 
M-Antigens were prepared from Salmonella typhimurium 395MR0, Ml 
and M2, Escherichia coli K12 (S53 and S61), S15 and S20, and Aerobacter 
cloacae NCTC 035, 259 and 923, and subjected to sugar analysis (Table 1). 
Table 1. Sugar composition of the polysaccharides. Figures for all monosaccharides 
represent mol% of detected sugars. 
M.antigen from 
Fuc Gal 0 
S. typhimurium 395MRO.M1 43 30 27 
S. typhimurium 395ME0-M2 42 33 25 
E. coli (S15) 40 32 28 
E. coli (S20) 38 32 30 
E. coli K12 (553) 39 29 32 
E. coli K12 (S61) 41 29 30 
A. cloacae NCTC 035 38 36 26 
A. cloacae NCTC 259 37 38 25 
A. cloacae NCTC 923 36 32 32 
D-Glucuronlc acid and a varying part of the D-galactose, probably present 
as an aldobiouronic acid, are not accounted for in these analyses. Nevertheless, 
the results demonstrate that the polysaccharides are closely related. Studies 
on the M-antigens from several other bacteria were attempted. The M-antigens, 
however, often have a low solubility in water, and are difficult to purify. 
Only studies on the M-antigens which, according to their sugar composition, 
were reasonably pure, are included in the present communication. O-Acetyl 
groups were present in all M-antigens except in that from S. typhimurium 
395MR0-Ml, as indicated by JR absorption at 1720 cm' and confirmed by 
the demonstration of methyl acetate in the product of methanolysis by GLO. 
The nature of the carbonyl compounds (arising from alkylidene groups) 
(Table 2), released from the polysaccharides on mild acid hydrolysis, was 
determined by performing this hydrolysis in the presence of 2,4-dinitrophenyl- 
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Table 2. Methyl ethers and carbonyl compounds from the hyd.rolysates of methylated polysaccharides. 
Polysaccharide , from 	 S. typhimurium 395MR0-M 	 E. coli 	 A. cloacae NCTC 
Ml 	Ml 	M2 S15 	S20 	K12, 	K12, 	035 	259 	923 
S53 861 
Sugars T %C %b %b %b %C %C %b %b %C %b 
2,3-Di.0-methyl-L-fuooso 1.18 15 19 19 18 14 18 21 23 17 18 
2.0-Methyl-t.-fuoose 1.67 19 23 22 18 17 18 20 19 19 25 
2,4,6.Tri-0-methyl-D.glucose 1.95 19 22 22 22 17 19 21 23 16 18 
2,4,6-Tri-0.methyl-n-galactose 2.28 16 18 17 26 19 16 19 18 17 19 
2,6.Di.0.methyl.n.galactose 3.65 18 18 20 - - - - - - - 
2,3.Di.0.methyl-n.gluoose 5.39 13 - - - 17 14 - - 15 - 
2,3.Di-0-methyl-n-galactose 5.68 - - - 16 16 15 19 19 16 20 
O-Acetyl - - + + + + + + + + 
Carbonyl compound released 
on acid hydrolysis CH3CHO CH3COCOOH HCHO CH3COCOOH CH3C0000H 
" Retention times of the corresponding alditol acetates on the ECNSS.M column relative to 1,5.di.O.acetyl.2,3,4,8.totra-0.methyl. 
D.gluoitol. 
b Not carboxyl-reduced. 











2106 	 PER J. GAREGG ET AL. 
hydrazine. The identities of the hydrazones found were established by TLC, 
GLC, PC and by MS. 
The M-antigens were methylated by treatment with methylsuiphinyl 
sodium and methyl iodide in methyl sulphoxide, 6 the fully methylated poly-
saccharide hydrolyzed to a mixture of methylated sugars, and these analyzed, 
as their alditol acetates, by GLC 7 - MS 8  (Table 2). Representative chromato-
grams are given in Figs. 1 and 2. Some of the methylated polysaccharides 
Fig. 1. GLC-separation of methylated sugars, as their alditol acetates, obtained from the 
hydrolysates of the fully methylated, carboxyl-reduced polysaccharides from E. coli 
K12 (S53), upper, and from S. typhimurium 395MR0-M1, lower. 2,3-Fuc means the 
alditol derived from 2,3-di-0-methyl-L-fucose, etc. Peaks not accounted for are of non- 
carbohydrate nature (demonstrated by mass spectrometry). 
Fig. 2. GLC-separation of methylated sugars, as their alditol acetates, obtained from the 
hydrolysate of the fully methylated, not carboxyl-reduced polysaccharide from A. cloacae 
NCTC 923. 2,3-Fuc means the alditol derived from 2,3-di-0-methyl-L-fucose, etc. Peaks 
not accounted for are of non-carbohydrate nature (demonstrated by mass spectrometry). 
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were subjected to carboxyl reduction before hydrolysis. In these, but not in 
the others, the D-gluCUrOrnC acid residues are accounted for (as 2,3-di-0-
methyl-D -glucose). 
The various methylation analyses reveal no significant deviation from 
structure I. There is, however, considerable variation in the nature of the 
substitution of the terminal D-galactose residues, as revealed by the isolation 
of different carbonyl compounds on acid hydrolyses and by the presence of 
either 2,3-di-0-methyl-D-galactose (4,6-residues) or 2,6-di-0-methyl-D-galactose 
(3,4-residues) in the methylation analysis. Six of the nine polysaccharides 
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In one, the S. typhimurium 395MR0-M2, the carboxyethylidene group 
is linked to the 3 and 4 positions (1II),5  and in another, S. typhimurium 395MR0-
M1, an ethylidene group is linked to the same positions (1V).4  Finally, in the 
F. coli (S20) M-antigen, a methylene group is linked to positions 4 and 6 (V). 
The partial structure II has been observed in other polysaccharides: 9 
Pyruvic acid, linked to the 3 and 4 positions of a D-galactose residue (III) 
has not been found in other polysaccharides. Acetals of acetaldehyde (IV) 
and formaldehyde (V) have, to the best of our knowledge, not previously 
been demonstrated in polysaccharides or in other naturally occurring carbo-
hydrates. A methylene derivative of an inositol 10  is, however, known and also 
methylene derivatives of 1,2-dihydroxybenzene derivatives. 
By acetalisation (IV) or ketalisation (II, III), a new asymmetric carbon 
atom is introduced. The configuration at the ketalic carbon atom of the 
4,6-0-carboxyethylidene-D-galactose residue in the polysaccharide from 
Corynebacterium inidiosum" has been determined. It does not seem un-
reasonable to assume that the corresponding units (II) present in some of 
the M-antigens have the same configuration. Nothing is, however, known 
about the configuration at the ketalic or acetalic carbon atom in III and IV, 
present in the other M-antigens. 
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Attempts to determine the positions of the 0-acetyl groups, using the 
method devised by de Belder and Norrman, 12 were unsuccessful, as the poly-
saccharides did not dissolve on treatment with methyl vinyl ether and p-
tOlüenesulphonic acid in methyl suiphoxide. The results of the periodate 
oxidation of one of them (S. typhimurium 395MR0-M2) indicate that the 
non-branched fucose residue carries an 0-acetyl group. 5 
Added in proof. A methylation analysis, as described above, of Salmonella typhimurium 
SL' 1543 gave the following result (not carboxyl reduced): 2,3di-O-methylfucose: 2-0-
methylfucose : 2,4,6-tri-0-methyglucose : 2,4,6.tri-0-methylgalactose : 2,6-di-0-
methylgalactose 20: 19 : 21 : 21 : 19. Mild acid hydrolysis released pyruvic acid. This 
polysaccharide thus is similar to that from Salmonella typhimurium 395 MEO-M2. It 
differs in the carboxyethylidene residues from the polysaccharides of E. coti K 12 
and A. cloaceae NCTL 5920 to which earlier work 2,3  had shown similarities in 
carbohydrate structure. 
EXPERIMENTAL 
Concentrations were carried out in a vacuum at bath temperatures below 40°. 
The formaldehyde, derived from the methylene acetal in E. coli (S20), was determined 
as its 2,4-dinitrophenyihydrazone by methods described in a previous paper. The m.p. 
of the crystals was 160- 163°. Authentic formaldehyde 2,4-dinitrophenylhydrazone 
melts at 166°. 
All the other various methods used are identical with those described in a previous 
paper, 5 and their description will therefore not be repeated here. 
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CHROM. 5398 
The paper chromatographic separation of naturally acetylated, formylated 
and pyruvylated oligosaccharides 
The discovery of hydrolytic enzymes releasing pyruvylated, 0-acetylated 
and 0-formylated fragments from bacterial extracellular polysaccharides' -3 led 
to a requirement for suitable systems for their chromatographic separation. Of 
particular importance was the separation of such fragments from the corresponding 
non-acylated material which may eilher be present naturally or as an artifact of 
preparation. The relatively large yields of oligosaccharides obtained by enzymic 
hydrolysis made paper chromatography a method of choice for preparative separa-
tion as well as for comparative studies. 
Experimental 	 - 
A number of naturally 0-acetylated, 0-formylated and pyruvylated oligo-
saccharides were available 1 ' 2 . The complete carbohydrate structure of each was 
known, but the position of the acyl groups was only known for the pyruvylated 
fragments. The compounds tested and their known structures are shown in Table I. 
TABLE I 
FRAGMENTS ISOLATED FROM BACTERIAL EXOPOLYSAccHARIDES 
Fraction Carbohydrate structure 	Substituents 	°Mcjca Source 	 Refer 
F  Gal -#Glc---GlcA 	Fuc — 0.46 Escherichia coli K27 11 
F 2 Gal 	GIC -* G1cA - Fuc Acetyl 0.41 F. coli 1(27 
F 3 Glc-.Glc 	GlcA--. Fuc - 0.47 Klebsiellaaerogenes Type 54 4 
F 4 Gic 	Gic - GIcA - Fuc Formyl 0.47 K.aerogenes Type 54 2,3 
F 5 Glc - Glc - GIcA 	Fuc Formyl + acetyl 0.45 K.aerogenes Type 54 2,3 
F 6 Glc 	GIcA-+Fuc Formyl 0.53 K.aerogenes Type 54 
F 7 GIc - GIcA - Fuc Formyl ± acetyl 0.51 K.aerogenes Type 54 5 
F 8 Gal -.GlcA ---Gal - 0.54 E.coli K12 6 
F 9 Gal -+ GIcA-+ Gal Pvruvyl 0.87 E.coli K12 6 
F to Gal Pyruvyl 0.95 E.coli 1( 12 6 
F it Gal Pyruvyl 0.95 Salmonella typhimurium 7 
aElectrophoretic mobility relative to glucuronic acid in pyridinium acetate (pH 5.3). 
The corresponding non-acylated fragments were obtained from the polysaccharides 
by partial acid hydrolysis, as were some of the pyruvylated fractions 4 . As the 
products of enzymic hydrolysis and also some of those obtained by acid hydrolysis 
contained varying amounts of salts these were removed by paper electrophoresis 
in pyridinium acetate buffer (pH 5.3).  As well as oligosaccharides, two isomeric 
forms of pyruvylated galactose were tested, as such pyruvylated fragments are 
commonly found in bacterial exopolysaccharides. The first of these, the 4,6-car-
hoxyethylidene derivative was obtained from the polysaccharide of Escherichia 
coil K12 by partial acid hydrolysis of the periodate-oxidised polymer 6, while the 
3,4-carboxyethylidene galactose was prepared in the same way from the polysaccha-
ride of a Salmonella tvphimurium strain7 . 
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The solvents tested comprised a large number of those commonly employed 
for the paper chromatographic separation of sugars and oligosaccharides. Several 
of those tested were basic solvents, while others were acidic or neutral. From 
preliminary experiments it was clear that most of the solvents tested, failed to 
give satisfactory separation of the pairs of oligosaccharides which differed only in 
the acyl groups present. Four solvents were eventually selected for further study: 
(A) butan-i-ol-pyridine-water (6:4:3); (B) ethyl acetate-pyridine--acetic acid-water 
(5:5:1:3); (C) acetic acid-formic acid-ethyl acetate-water (3:1:18:4);  and (D) 
butanol-acetic acid-water (4:1:5). All were run as descending systems at 200  using 
Whatman No. i paper. Irrigation times were normally 24 h for solvents A, B and C, 
and 96 h for solvent D. The carboxyethylidene sugars were run for to h, in solvent 
C. The oligosaccharides were applied as approximately 10 nmoles amounts and were 
detected after irrigation, with alkaline silver nitrate reagent. 
TABLE II 
THE PAPER CHROMATOGRAPHIC MOBILITIES OF ACYLATED AND OTHER OLIGOSACCNARIDES 
All values are given as Role. 
Fraction Mobilities in solvent 
A 	B C D 
F I 0.03 034a 0.05 0.02 
F 2 0.05 0.49 0.13 0.09 
F 3 0.04 0.35a 0.08 0.01 
F 4 0.05 0.49 0.08- 0.01 
F 5 0.07 0.63 o.18 0.03 
F 6 0.13 0.55 0.18 0.26 
F 7 o.18 o.68 0.21 0.29 
F 8 0.05 0.13 0.08 0.19 
F 9 0.34 0.73 0.17 0.28 
F 10 1.47 1.35 1.95 1.02 
F ii 1.09 1.00 1.67 0.63 
Gal 0.89 0.93 0.93 0.91 
a These oligosaccharides streaked and accurate values could not be obtained. 
The results for the four solvent systems tested are shown in Table II. It is 
clear that neither of the two acid solvents C and D gave satisfactory separation of 
the oligosaccharides. Solvent C did however give good differentiation of the two car-
boxyethylidene derivatives of galactose from each other and from the free sugar, 
despite its poor resolution of the pyruvylated trisaccharide (Fq) from the correspond-
ing non-pyruvylated fragment. The neutral solvent A gave good separation of these 
two trisaccharides. For oligosaccharides which were acetylated or fonnylated, the 
solvent system of FISCHER AND DöRFEL8 gave good separation. This was not unex-
pected as it was originally used for the separation of amino sugars and the corre-
sponding N-acetylated compounds. It was also observed that in this solvent system 
the acylated oligosaccharides gave discrete spots whereas glucuronic acid and aldo-
biouronic acids streaked. It thus appears that this solvent is the best of those tested 
for the separation of naturally acylated oligosaccharides of the type indicated in 
Table I. 
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Enzymic Hydrolysis of Colanic Acid 
Ian W. SuuEanD 
Department of Microbiology, University of Edinburgh 
(Received June 7/October 12, 1971) 
The isolation of oligosaceharides produced by the action of phage-induced enzymes on the 
bacterial exopolysaccharide colanic acid is reported. The products from colanic acid produced 
by different strains of Eecherichia coli and Salmonella typhimurium were hexasaccharides which 
differed in their acyl substituents. All contained fucose, glucose, galactose and glucuronic acid 
in the molar ratio 2:1:2 1. They appeared to have the same carbohydrate structure as that 
postulated for the repeating unit of colanic acid. All the hexasaccharides contained acetate. 
Pyruvate was also found in most preparations. The phage-induced enzymes only converted 
30-35 0/ of the polymer to oligosaccharides. They also hydrolysed de-acetylated polysaccharide 
but were inactive against carboxyl-reduced material and against a number of other bacterial 
exopolysaccharides. 
Many strains of Escherichia coli, Aerobacter cloa-
cae and Salmonella can, when grown under suitable 
conditions, produce an extracellular polysaccharide 
[1, 2]. This polymer isolated from a strain of E. coli by 
Geobel [3] who named it colanic acid, contained 
fucose, glucose, galactose and glucuronic acid. Fur-
ther studies using representative strains of the three 
genera, showed that the polymer was formed from a 
hexasaccharide repeating unit in which an 0-acetyl 
group and a carboxyethylidene (pyruvyl) residue were 
also present [4,5] (Fig.!). The position of the 0-acetyl 
group, originally thought to be the glucose moiety, 
is now considered to be a fucose residue [5 a]. Although 
the exopolysaccharide from the different enteric 
bacteria has the same carbohydrate structure, there 
are a number of possible variations in the acyl groups 
present [6]. Re-examination of different colamc-acid 
preparations revealed that the main variations were 
confined to the residues carried on the terminal galac-
tose [7]. 
A number of bacteriophages active against colanic-
acid-synthesizing bacterial strains were isolated and 
several of the viruses induced the production, in 
infected bacterial cells, of an enzyme or enzymes which 
reduced the viscosity of polysaccharide solutions [8]. 
No products of enzyme action were isolated and the 
mode of action remained unclear. The present paper 
reports the purification and tentative identification 
of acetylated and pyruvylated fragments from colanic 
acid derived from several different strains of Entero-
bacteriaceae, following hydrolysis with phage-in-
duced enzymes. 
Enzymes. -Glucosidase (EC 3.2.1.21); a-fucosidase (EC 
3.2.1.—). 
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Fig. 1. The proposed structure of colanic acid 
MATERIALS AND METHODS 
The bacterial strains used were all mueoid variants 
of E. coli or S. typhimurium. E. coli strains S53 and 
S61 were sub-strains derived from the K12 strain. 
Strain S20 was isolated from clinical material. 
S. typhimurium strain TV 1099 was kindly provided 
by Dr B. A. B. Stocker (Standford University, Cali-
fornia, U.S.A.) and strain MR2 was obtained from 
Dr T. Holme (Karolinska Institute, Stockholm, Swe-
den). The methods of culture and polysaccharide 
purification were described earlier [4]. Polysaccharide 
from S. typhimurium MR2 was a gift from Dr 
Holme. The bacteriophages producing polysaccharide 
depolymerase were originally isolated from raw 
sewage. The phage-induced enzymes were recovered 
from cell lysates and partially purified on DEAE- 
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cellulose by the techniques previously reported [8]. 
For large-scale enzymic hydrolysis of colanic acid, the 
enzyme from phage Fl-infected cells of E. coli 853 
was used. Enzyme from a number of other phages or 
prepared in other E. coli host strains gave identical 
results. 
Polysaccharides were de-acetylated by dissolving 
the polymer in water and adding an equal volume of 
2 N NH40H. The solution was held at 60 00  for 60 mm, 
exhaustively dialysed and lyophilised. The esteri-
fication and subsequent carboxyl reduction of the 
polymers was achieved after conversion of aliquots 
(100 mg) to the 11+ form by passage through Amberlite 
IR-120 ion-exchange resin. The polysaccharides were 
lyophilised, redissolved in 10 ml water and added to 
an equal volume of ethylene oxide at 0 00. After 
5 days at 20 °C the mixtures were dialysed and again 
lyophilised. The esterified products were dissolved 
in 10 ml water containing 1 ml glycerol and an equal 
volume of 10 0/, (v/v) aqueous glycerol containing 
0.2 g sodium borohydride was added. The mixtures 
were stirred and after 24 h at 4 00  excess borohydride 
was destroyed with 1 N acetic acid. After exhaustive 
dialysis, the products were lyophilised. Yields of 
75-85 0/ 0 of the starting material were obtained. The 
glucuronic acid content was reduced from 17-18 010 
to 2-3°/a . 
Polysaccharides and products obtained from them 
by enzymic hydrolysis were analysed for carbohydrate 
and other components by the micromethods already 
detailed [4]. These were: glucose and galactose in 
hydrolysates by the respective oxidases, fucose and 
glucuronic acid in unhydrolysed material by the cys-
teine/sulphuric acid and carbazole reactions, respec-
tively. The hydroxylamine assay was used for O.acetyl 
groups and the dinitrophenyihydrazine method or 
lactate dehydrogenase for pyruvate. Fucose and fuci-
tol after borohydride reduction, were assayed in 
hydrolysates by quantitative paper chromatography 
(solvent B). 
The solvent systems used for descending paper 
chromatography on Whatman no. 1 paper were: 
butan— 1 -ol-pyridine —water (6:4:3, by vol.) [9]; 
ethyl acetate—acetic acid—formic acid—water 
(18:1:3:4, by vol.) [10]; (0) ethyl acetate—acetic 
acid—pyridine—water (5:1:5:3, by vol.) [11]; (D) 
butan-1-ol—acetic acid—water (4:1:5, by vol.) [12]. 
The irrigation times were 48 h, 24, h 20 h and 120 h, 
respectively. The sugars and oligosaccharides were 
detected with the alkaline silver-nitrate reagent of 
Trevelyan, Proctor and Harrison [13]. Paper electro-
phoresis was performed on a Locarte (London) high-
voltage equipment using Whatman no. 1 or 3 MM 
paper and a buffer containing pyridine—acetic acid—
water (5:2:43, by vol.). The paper strips (77 x20 cm) 
were subjected to a current of 80-100 mA for 3-4 h 
to separate oligosaccharides. Salts or protein contami- 
nants were removed after 30-40 min under the same 
conditions. 
Afl-glucosidase preparation from L. Light and Co., 
Colnbrook (England) was used. A crude x-fucosidase 
preparation was made from limpets, Patella vulgata, 
essentially as described by Conchie and Levvy [14]. 
The conditions of hydrolysis used were such that 
equivalent amounts of an appropriate substrate 
(cellobiose or a-nitrophenylfucoside) were completely 
hydrolysed. Where prolonged incubation at 30 00 
was necessary, bacterial growth was suppressed by 
the addition of toluene to the mixture. Both enzyme 
preparations contained slight 9-galactosidase activity 
and the fl-glucosidase was also contaminated with a-
glucosidase. Tests using a number of other possible 
glycoside substrates were negative. None of the con-
taminating enzymes affected the results obtained here, 
as colanic acid lacks £x-glucosidic links, and the only 
terminal fl-galactoside is ketalated and resists enzymic 
hydrolysis. 
Viscosimetric measurements were made at 30 00 
using an Ostwald-type viscometer. 
RESULTS 
(Jokznic-Acid Preparations 
Colanic acid from three strains of E. coli and two 
strains of S. typhimurium was used for the present 
study. All five polymers yielded fucose, glucose, galac-
tose and glucuronic acid as the sole sugars on acid 
hydrolysis and paper chromatography. In each 
preparation the sugars were present in the molar 
ratio 2:1:2:1, respectively. Acetate was also present 
in all the polysaccharides and pyruvate was identified 
in two E. coli strains (S53 and S61) both of which were 
derived from strain K12, and in the two Salmonella 
polysaccharides. The pyruvylated residues were 
identified chromatographically by comparison with 
authentic material derived from earlier preparations 
of the S53 and MR2 polymers [4,6]. The pyruvylated 
sugar in each preparation was galactose. The pyruvyl-
galactose was isolated from partial acid hydrolysates 
(0.25 M H2SO4 at 100 00  for 30 mm) of periodate-
oxidised polysaccharides by preparative paper elec-
trophoresis. The products from both E. coli strains 
were indistinguishable from 4,6-0-(1-'carboxyethy-
lidene)-n-galactose, (RG1 C 1.95 in solvent D). Similarly 
the two products from S. typhimurium were identi-
cal with 3,4 - 0 -(1'- carboxyethylidine) D - galactose 
(R01 0 1.69 in solvent D). 
The phage-induced enzymes reduced the viscosity 
of all the colanic-acid solutions tested. They also 
acted on de-acetylated polysaccharide from E. coli 
S53 but had no effect on the carboxyireduced poly -
mer. A number of other bacterial exopolysaccharides 
with similar composition to colanic acid were also 
tested but none acted as substrates for the enzyme 
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Fig.2. The e//ect of phage-induced enzyme on the ve8co8ity 0/ 
colanic-acid 8olutzOn8. The solution containing 1 mg/ml of 
B. coli S53 polysaccharide in 0.01 M buffer pH 6.5 was 
mixed with enzyme (final concentration 1 mg protein/ml) 
and incubated at 37 00.  The flow time was measured in an 
Ostwald viscometer in which 7.5 ml water took 60 sec to 
flow through at 37 0 J 
(they included polymers from Kiebsiella aerogenes 
types 1, 30, 54 and 69). 
Isolation of Hydrolysis Products 
In an earlier study, phage-induced enzymes re-
duced the viscosity of colanic-acid solutions [8]. 
The results of a typical experiment in which the 
effect of enzyme action on polysaccharide viscosity 
was studied, are shown (Fig. 2). Similar results were 
obtained with all polysaccharides tested. Viscosi-
metric studies indicated that the enzyme had a pH 
optimum between pH 6.5 and 7.0. The reduction of 
viscosity increased with temperatures of incubation, 
but, because of the increased flow rates obtained, 
accurate measurements were not obtained. With 
the techniques applied earlier, no increase in reducing 
value was observed nor were diffusible fragments 
recovered. The failure of oligosaccharides to pass 
freely through a dialysis membrane could be due to 
the size and configuration of the repeating unit of 
the polysaccharides, now known from its structure to 
be about 1100 [4,5]. When depolymerase enzyme was 
incubated with colanic acid from several different 
bacterial strains a rapid reduction in viscosity was 
observed, but even after 24-48 h at 37 C  no appre-
ciable amount of diffusible fragments was detected. 
Attempts to detect an increase in the reducing value 
of the enzyme/polysaccharide mixtures were un-
successful. 
Colanic acid resembled other bacterial exopoly-
saccharides in being recoverable from solution by 
the addition of four volumes of cold (-20°C) acetone. 
Following enzymic treatment of colanic acid for up 
to 24 h at 37 00  in 0.02 M phosphate buffer pH 7.0, 
acetone was added to the mixtures. Whereas the native 
polysaccharide is recovered as long strands of pre-
cipitate, enzyme-digested material sedimented as a 
granular deposit. This accounted for 65-70 0/0 of 
the original dry-weight of the polysaccharide. The 
precipitated material had the same composition as 
the original polysaccharide, fucose, glucose, galactose, 
glucuronic acid, acetate and pyruvate being detected 
in a molar ratio of 2:1:2:1:1:1. Prolonged incubation 
with the enzyme failed to alter the amount of poly-
saccharide recovered by acetone precipitation. Re-
covery of the precipitate and incubation with fresh 
enzyme produced no detectable effect, all the sub-
strate being precipitated by the addition of acetone. 
Further evidence for the limited activity of the 
enzyme on colanic acid was obtained by reduction 
with sodium borohydride following enzymic treat-
ment. Samples were then completely hydrolysed and 
subjected to paper chromatography in solvent B. 
The only new product detectable was fucitol. When 
the areas of fucose and fucitol were eluted and the 
amount of each determined, the conversion of avail-
able fucose to fucitol varied from 9.3-14.1°/ a. This 
would correspond to release of 18_28 0/o of the total 
polymer, if the fucose is assumed to be distributed 
evenly on the polysaccharide molecules. 
The opalescent supernatant fluids after acetone 
precipitation of the mixtures were evaporated to 
yield a product in which salts and precipitated protein 
were also present. As attempts to apply this material 
directly to paper chromatograms were unsatisfactory, 
it was subjected to preparative paper-electrophoresis 
at 150 V/cm for 30-60 mm. Reducing material was 
located at the anodic side of the origin and eluted 
free from contaminating salt and protein. It was then 
resolved into its components by paper chromatog-
raphy in solvent C. 
IDENTIFICATION OF THE PRODUCTS 
OF RNZYNTC HYDROLYSIS 
E. coli Strains 253 and 261 
Enzymic treatment of both polymers produced 
the same three fragments (Table 1). No free sugars 
were released. The material with highest chromato-
graphic mobility (EC3) was present in greatest 
amount. It contained fucose, glucose, galactose, glu-
curonic acid, acetone and pyruvate in the approx-
imate molar ratio 2:1:2:1:1: 1.  On borohydride 
treatment, 50 0/0 of the fucose was reduced to fucitol, 
indicating that fucose was the terminal reducing 
sugar in the oligosaccharide. When the material was 
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Table 1. The properties of oligo8aecharide8 derived by enzymic hydrolysis of colanic acid 
MGSCA is the mobility in pyridinium acetate buffer pH 5.3 relative to glucuronic acid. Yields are expressed as 0/0 dry weight 
(corrected for losses during purification), relative to original polysaccharide 
Oligosacoharide Strain Yields MGI,A 
B 
RG1C in solvent 
C D 
EC 3 E. coli S53, S61 19-26 0.25 0.47 0.12 0.06 
2 5.4-2.7 0.49 0.36 0.07 0.06 
1 4.1-4.8 0.59 
S 	1 S. typhimurium - 1099 23 0.48 0.40 0.07 0.05 
EC 4 E coli S20 29 0.32 0.36 0.06 0.05 
DA1 E. coli S53a 13.2 0.60 0.27 0.06 0.04 
After de-acetylation. 
incubated with -glucosidase, 57 0/0 of the available 
glucose was released and identified by the glucose 
oxidase reaction and chromatography in solvent A 
and B. Attempted hydrolysis with rx-fucosidase left 
the oligosaccharide unaltered. On partial acid 
hydrolysis (0.25 M 11 2SO4 at 100 °C for 30 mm), 
fucose, glucose and galactose were released along 
with neutral oligosaccharide which was identical in 
all respects tested with -glucosyIfucose identified 
earlier [4]. A complex mixture of charged products 
was obtained but no free glucuronic acid. They includ-
ed pyruvylgalactose, the aldobiouronic acid, fl-glucu-
ronosylgalactose, and a number of slower-moving 
fragments (solvent B) present in too small quantities 
to permit accurate identification. 
The oligosaccharide E02 contained the same sugars 
and other constituents in the same molar propor-
tions as did EC3. Fucose was again the terminal 
reducing sugar, 50 0/ 0 being reduced by sodium boro-
hydride. No glucose was released with 8-glucosidase. 
Treatment with a-fucosidase released a small amount 
of material moving faster than fucose on paper 
chromatography. It was possibly acetylfucose but 
insufficient was obtained to permit accurate analysis. 
On electrophoresis of the enzyme-treated material, 
two spots were detected. One comprised a large 
amount of unaltered oligosaccharide (MG1A 0.49) 
while a trace of faster-moving material (M G1CA 0.53) 
was also seen. Partial acid hydrolysis gave the same 
products as did EC3. 
The third fragment (EC!) was obtained in very 
low yield. It had the same apparent composition as 
did E03 but only 25 0/0 of the fucose was reduced to 
fucitol by sodium borohydride. fl-Glucosidase released 
24 0/o of the available glucose, while cr-fucosidase had 
no effect. Although the major products of partial acid 
hydrolysis were similar to those obtained from the 
other two oligosaccharides, the pattern of charged 
fragments was obviously more complex. Among the 
neutral products as spot with Rcric 0.87 (solvent D) 
was detected, apparently identical with the tn-
saccha.ride fucosyiglucosylfucose [4]. It is possible 
that the oligosaccharide EC1 was a dimer of the frac-
tion E03. 
Dewetylated Colanic Acid 
A single product was isolated after enzymic 
treatment of deacetylated colanic acid. The oligo. 
sacchanide (DA!) contained fucose, glucose, galactose, 
glucuronic acid, and pyruvate in the molar ratio 
2:1:2:1:1. The terminal reducing sugar was again 
fucose and approximately 60 0/0 of the glucose was 
liberated by 9-glucosidase. Partial acid hydrolysis 
produced a series of fragments identical to those 
obtained from the oligosaccharide E03. On treatment 
of EC3 with 1 N N}1 4011 at 60 00  for 60 min the 
product was indistinguishable from DA1. It is there-
fore thought to be the deacetylated form of EC3. 
S. typhimurium Strains 
Each of the polysaccharides from strains TV1099 
and MR2 yielded the same product on enzymic 
treatment. This was a single oligosaccharide (Si) 
which definitely differed from the E. coli prepara-
tion in its chromatographic mobilities. Despite this, 
the composition of the oligosaccharide again appeared 
to be that of a hexasaccharide containing the same 
sugars, acetate and pyruvate in the same ratio. 
Borohydride treatment converted almost 50 0/0 of 
the fucose to fucitol and about 47 0/0 of the available 
glucose was released by -glucosidase. The major 
products of partial acid hydrolysis were the same as 
those obtained from EC3, the neutral disaccharide 
9-glucosylfucose and the aldobiouronic acid fl-glucu-
ronosylgalactose. Slight differences in chromato-
graphic mobilities were observed among the minor 
components. These differences were probably due to 
the known differences in the pyruvylgalactose residues 
of the polymers. 
E. coli 520 
Unlike the other two E. coli colanic-acid prepara-
tions tested, the S20 polysaccharide yielded a single 
oligosaccharide (E04) on enzymic hydrolysis. In 
most respects tested, this product resembled the 
hexasaccharides Si and E03. It was unaffected by 
y-fucosidase but some glucose was released by 9.g1uco- 
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sidase. Fucose was again the terminal reducing sugar. 
The most noticeable difference from the other two 
hexasaccharides was in chromatographic and electro. 
phoretic mobilities. The colanic acid from S20 differs 
from the four other preparatons in lacking a pyruvate 
residue on the terminal non-reducing galactose. There 
in instead a methylene group attached to the terminal 
galactose in the 4 and 6 positions [7]. Consequently 
the charge : mass ratio of any fragment containing 
this part of the molecule is lower than for a similar 
fragment containing pyruvylgalactose. This is reflect-
ed in the lower electrophoretic mobility of the oligo-
saccharide EC4. This and other properties are listed 
(Table 1). The S20 polysaccharide also reflected this 
difference in that no charged material was isolated 
from periodate-oxidised material after partial acid 
hydrolysis. 
DISCUSSION 
Enzymic hydrolysis of the bacterial exopoly-
saccharide colanic acid with phage-induced enzymes 
differs from the corresponding process in Kiebsiella 
aerogenes type 54 [15] and from hydrolysis of Diplo-
coccus pneumoniae type III and type VIII poly-
saccharides with enzymes from "Bacillus palustris" 
[16]. In these systems, hydrolysis of the polymer 
proceeds to completion. In contrast, only 30_35 0/o 
of the colanic-acid molecules were converted to oligo-
saccharides. The fragments from all the preparations 
studied were basically hexasaccharides with the 
composition of the repeating unit of the polymer as 
shown in Fig.!. The differences in chromatography 
and electrophoretic mobilities could, in all the oligo-
saccharides except one, be ascribed to the known 
differences in the acyl substituents. The exception, 
fraction EC2, could be due to slight differences in 
the composition of the polysaccharide or it could be 
due to lack of specificity of the phage-induced enzyme. 
All products resulted from cleavage of a fucoside 
bond. Previous studies [4,5] indicated that colanic 
acid consisted of a linear chain composed of fucose 
and glucose residues in the ratio 2:1, to which were 
attached side-chains with the sequence -galactosyl-
j-glucuronosylgalactosyl. It thus had the form: 
- 
might also account for the small amount of EC1, 
which is thought to contain 12 sugar residues as 
25 0/0 of the fucose was reduced to fucitol. 
The failure of the enzyme to attack the residual 
65_70010 of the colanic-acid molecule, regardless of 
its source, could be due to one of several causes. The 
linear chains might contain other sugar residues in 
addition to fucose and glucose, or further acyl groups 
might be present. In view of the exhaustive studies 
made on the structure of colanic acid this seems un-
likely as no such heterogeneity in the molecules has 
been detected. These studies also appear to preclude 
the possibility of branching of the molecule in a man-
ner similar to glycogen. The enzyme cannot therefore 
be a dc-branching enzyme similar to pullulanase and 
others employed in studies on glycogen structure [17]. 
It seems more likely that during polysaccharide syn-
thesis, a few of the fucose residues failed to become 
branch points. They would not be distinguishable 
during chemical studies but would alter the polymer 
sufficiently to stop enzymic hydrolysis by an exo-
enzyme as it is known from the present study that 
glucuronic acid must be present in the side-chain 
for the polysaccharide to be an effective substrate. 
The enzymes act on polymer having the required 
basic structure as far as carbohydrates are concerned. 
The presence, absence or modification of the acyl 
groups appears to have little if any effect on enzyme 
action. Susceptibility to enzyme action in a polymer 
defined its carbohydrate structure as that of colanic 
acid, confirming the suggestion of Grant et al. [2] 
that phage.induced enzymes could be used to test 
for colanic-acid production. For complete definition 
of the polymer, characterisation of the acyl groups 
would also be required. The failure of the enzyme to 
act on carboxyl-reduced polysaccharide resembled 
the observations made with the K. aerogenes phage-
enzyme system [18]. In the present study it appears 
strange that alteration of a residue not directly adjacent 
to the site of enzyme action should have such a comple-
tely inhibitory effect, whereas in the K. aerogenes 
polysaccharide, glucuronic acid was adjacent to the 
fucoside bond which was hydrolysed. 
The author is grateful to Dr T. Holme for the gift of 
Salmonella polysaccharide and for the technical assistance 
of Mrs I. C. Wright. 
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SUMMARY 
A phage-induced enzyme has been used to hydrolyse the exopolysaccharides 
prepared from nine Klebsiella serotype 2 strains. In each case, the major product 
was a tetrasaccharjde with chemical composition corresponding to the carbo-
hydrate repeating unit of the polysaccharide. The tetrasaccharides also contained 
formate, sometimes with acetate or pyruvate. As the terminal reducing sugar in each 
tetrasaçcharide was mannose, the enzyme is a mannosidase hydrolysing the 
D-mannosyl I -> 4 D-glucose linkage. 
The enzyme is highly specific, being inactive against carboxyl-reduced type 2 
polysaccharide and against polysaccharides from a number of other Klebsiella 
strains of different serotype. In contrast, similar phage-induced enzymes from 
Kiebsiella aerogenes serotype 54  strains hydrolyse both type 2 and type 54 poly-
saccharides, yielding the same products from type 2 material as does the homo-
logous enzyme. No further polysaccharides among those currently tested acted as 
substrates for the phage-induced enzymes. 
INTRODUCTION 
Exopolysaccharides (capsules or slime) from several bacterial species are the substrates 
for soluble enzymes isolated from bacteriophage-infected bacterial cultures. In some such 
systems, despite a dramatic drop in the viscosity of the polysaccharide solutions following 
addition of enzyme, no hydrolysis products have been identified (Adams & Park, 1956; 
Eklund & Wyss, 1962). The enzymes induced by several phages in Kiebsiella aerogenes type 
54 cultures hydrolysed the polysaccharide from this strain, producing a tetrasaccharide 
corresponding to the repeating unit of the polymer (Sutherland, 1967). Subsequently the 
oligosaccharide was shown to contain acetate and formate (Sutherland & Wilkinson, 1968; 
Sutherland, 1970). 
The isolation of a phage inducing polysaccharase formation in a Kiebsiella pneuinoiziac 
type 2 strain was reported by Watson (1966). The enzyme had no effect on bacterial viability 
but removed the capsules and also affected the immunochemical reactions of the poly-
saccharide. Polysaccharides from four different Klebsiella type 2 strains all contained the 
same tetrasaccharide repeating unit. (Fig. i) (Gahan, Sandford & Conrad, 1967). Results 
from a further strain indicated that some variation in polysaccharide structure might occur, 
although the monosaccharide composition remained constant (Park, Eriksen & Henriksen, 
1967). Further indications that polysaccharideslmight have constant carbohydrate structure 
but variable acyl substituents came from a preliminary examination of a number of Kiebsiella 
strains of different serotype (Sutherland, 1971). The aim of the present work was to determine 
the effect of a phage-induced enzyme on the capsular polysaccharides isolated from Kieb-
siella type 2 strains and on others known to possess structural similarities. 
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Fig. 1. The structure of the repeating unit of serotype 2 capsular polysaccharide 
of Klebsiella aerogenes. (Gahan ci al. 1967). 
METHODS 
Bacterial strains. The four strains of Kiebsiella type 2 for which the structure of the poly-
saccharide has already been established (Gahan, Sanford & Conrad, 1967) were obtained from 
the National Collection of Type Cultures, Colindale, London. These were strains 243, 418, 
5505 and 9505. Strain 22 was provided by Dr D. G. McPhee, LaTrobe University, Melbourne, 
Australia and strains 2S, 2534, 2895 and 2930 came from Dr G. Hermann, Communicable 
Disease 'Centre, Atlanta, Georgia, U.S.A. Strains Al and A3 were departmental cultures of 
serotypes i and 54 respectively. 
Cultures were maintained on nutrient agar slopes in screw-capped vials. The polysaccharide 
were prepared from solid or liquid cultures in nitrogen-deficient medium (Sutherland & 
Wilkinson, 1965) and purified as described by Dudman & Wilkinson (1956). Some prepara-
tions were purified further by digestion with pronase. 
!Jacteriopliage. Phagc F40 (Watson, 1966) was routinely prepared using cultures of strain 
243; enzyme was prepared from phagc-infected cultures of strain 243 or 418 as described 
for other phage-induced polysaccharide dcpolymerases (Sutherland, 1967) and partially 
purified by ammonium sulphate precipitation and' chromatography on DEAE-cellulose. 
Preparations from either host strain were identical in their activities. The preparation of 
polysaccharide-depolymerases (fucosidases) from phages F31, 34  and  39  cultured on strain 
A3 has already been described (Sutherland, 1967). 
Analysis techniques. Monosaccharides were determined on unhydrolysed material by 
the cysteine/suiphuric acid reaction for hexoses (Dische, Shettles & Osnos, 1949) and the 
carbazole reaction for uronic acid (Bitter & Muir, 1962). Hydrolysates of polysaccharides 
or oligosaccharides (N-H 2SO4 at 100° for 16 h) were neutralized with Amberlite IR4Io resin 
(HCO3 form) and used to determine glucose and galactose with the respective oxidase 
reagents. The mannose content was calculated by difference from the total hexose values. 
Reducing sugar in enzymic hydrolysates was measured by the Somogyi (1945) method. 
Acetyl and pyruvyl contents were determined by micro-modifications of the hydroxamic 
acid and dinitrophenyihydrazine methods respectively (Hestrin 1949; Sloneker & Orentas 
1962). Formate was assayed enzymatically with formate dehydrogenase (Quayle, 1966) and 
also colorimetrically by the procedure of Grant (1948) if acetate was known to be absent. 
Acetate and formate derived from polysaccharides were characterized by the technique of 
Thomson (i 95 i) involving preparation of hydroxamic acid derivatives and chromatography 
in solvent B. Chromatograms were developed with 10% (w/v) aqueous FeCl3 solution. 
Pyruvate was identified by preparation of the dinitrophenyihydrazone and chromatography 
in solvent A along with authentic standards. 
Partial acid hydrolysis. Approximately 40 mg. of each polysaccharides was dissolved in 
20 ml. o5 N-H2SO4 in a tightly stoppered tube and heated at 100° for 30 mm. The hydro-
lysates were neutralized with saturated Ba(OH) 2 solution, filtered and concentrated under 
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reduced pressure. The syrups so obtained were applied to Whatman 3  MM paper and sub-
jected to paper electrophoresis. After staining of guide strips with alkaline silver nitrate solu-
tion, fractions were eluted and compared by paper chromatography (solvents B and Q. 
Enzymatic hydrolysis. Samples of each polysaccharide (io mg) were dissolved in i ml of 
0001 M-phosphate buffer (pH7o) and sufficient depolymerase enzyme added to give maximal 
hydrolysis in 20 h at 20°. Microbial growth was inhibited by the addition of toluene. Hydro-
lysates were examined by paper chromatography (solvent D) or paper electrophoresis. 
When the enzymatic hydrolysis wascomplete, as determined by following release of reducing 
material, the solutions were dialysed against distilled water to separate the products from 
enzyme protein and undigested polymer. The diffusible material, comprising 80 to 90% of 
the original polysaccharide, was concentrated under reduced pressure at 40 to 50 ° and the 
resultant syrups subjected to paper electrophoresis. Guide strips were stained to locate oligo-
saccharides. Because of the presence of variable amounts of salts in polysaccharide prepara-
tions, preparative amounts of the oligosaccharides were always separated by electrophoresis 
then by paper chromatography. The reduction in viscosity was followed using an Ostwald-
type viscometer at 30 °. 
Paper chromatography and paper electrophoresis. The following solvent systems were used 
for descending paper chromatography on Whatman no. i paper. Solvent A: butan-i-ol-
pyridine—water (6:4:3, by vol) (Whistler & Conrad, 1954); solvent B: butan-i-ol—acetic 
acid—water (4:1:5, by vol) (Partridge, 1946); solvent C: ethyl acetate—acetic acid—formic 
acid water (18:3:1:4, by vol) (Feather & Whistler, 1962); solvent D: ethyl acetate-
pyridine—acetic acid—water (5:5:1 :3,  by vol) (Fischer & DOrfel, 1955). Paper electro-
phoresis was performed in pyridinc-acctic acid buffer (pH 5•3). A current of 8o to ioo mA 
was applied at 3000 V using a Locarte (London) paper clectrophoresis equipment with 
70 x 20 cm cooled plate area, for 3  h to separate oligosaccharides, for 30 min to remove 
salts or enzyme proteins. 
Borohydride reduction. The terminal reducing sugars of the oligosaccharides were deter-
mined by borohydride reduction (Sutherland, 1967). After removal of the salts by paper 
electrophoresis, material was eluted and hydrolysed (N-H 2SO4 for 16 h). Sugar alochols 
were identified by chromatography of hydrolysates in solvents A and C. 
RESULTS 
Composition of the exopolysaccharides. Acid hydrolysates from each polysaccharide were 
neutralized and examined by paper chromatography in solvents A and D. In all the prepara-
tions from type 2 strains, glucose, mannose and glucuronic acid were detected, the most 
intense spot being glucose. This agrees with the results of Gahan et al. (1967). Traces of 
galactose were also observed in a few hydrolysates. These were thought to originate from 
contaminating lipopolysaccharide which is known to contain considerable quantities of 
galactose (Kocltzow, Epley & Conrad, 1968). Galactose was not found in the oligosaccha-
rides obtained by enzymic hydrolysis. The polysaccharides of type i and type 54 both con-
tained L-fuCOse, D-glucose and D-glucuronic acid. Analyses for acetate, formate and pyru-
vate were made on all the polysaccharides. These results, together with determinations for 
the sugars detected chromatographically are shown in Table 1. It is clear that all the type 2 
polysaccharides contain the same monosaccharides - glucose, mannose and glucuronic 
acid - in the same approximate molar ratio of 2:1:1 respectively. Probably, all possessed 
the tetrasaccharide repeating unit described by Gahan et al. (1967) (Fig 1). Further evidence 
was obtained from partial acid hydrolysates. Eachyielded the same products, a series of 
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Table 1. The composition of Kiebsiella type 2 and oilier capsular 
polysaccharides results as % dry weight 
Glucuronic 
Type 	Strain 1)-Glucose Mannose acid Pyruvate Formate Acetate 
2S 414 199 264 01 4.1 01 
418 424 205 23l 0 39 0 
2 	 5505 
12534 
43 .0 207. 216 03 39 0 
9504 453 235 208 07 42 0 
460 216 2V7 06 50 0 
2930 43 .0 205 241 0 59 8 
2895 460 221 246 01 46 45 
243 463 219 229 0 48 8-i 
22 36-4 203 197 5-2 3.9 
Fucose 
Al 43 - 0 1 9 . 3 234 103 0 0 
54 	A3 379 188 232 0 46 45 
charged oligosaccharides indistinguishable from those previously described by Gahan et al. 
(1967). The carbohydrate composition of all the type 2 preparations was therefore similar if 
not identical. 
When eight type 2 polysaccharide preparations were examined for non-carbohydrate 
constituents, much greater variation was noted. Although all the polymers contained form-
ate, only one contained pyruvate. Acetate was found in three polysaccharides. These results 
were confirmed by the preparation and chromatography of the appropriatederivatives. The 
type 2 polysaccharides can therefore be separated into three groups: (1) those polymers 
which contain formate; (ii) the polysaccharides which contain formate and acetate; and 
(iii) the single preparation in which both formate and pyruvate are detected. There was no 
indication that any other non-carbohydrate residues were associated with the type 2 
Klebsiella exopolysaccharides. 
Although type i and type 54 material contained the same monosaccharides, confirming 
the earlier results of Dudman & Wilkinson (1956), significant differences were seen in their 
acyl substituents. The type i polymer contained pryuvate, while the type 54 polysaccharide 
was both acetylated and forniylatcd. 
Polysaccharides as phage enzyme substrates. All the type 2 Klebsiella strains were suscep-
tible to infection with phage F40. When phage plaques or areas of confluent lysis were 
examined, they were surrounded by a zone which was partially cleared. These zones con-
tained viable, non-capsulate bacteria. On subculture they proved to be identical with the 
original bacteria, being surrounded with capsules and free from phage. As phage F40 was 
known to produce a polysaccharide depolynierase (Watson, 1966) this indicated that all the 
en psu mr polysaccliaridcs were probably substrates for the enzyme. When polysaccharide 
sol Ut 10115 were treated with (lie partially pu rilied phage V40-induced depolymerase enzyme, 
there was a very marked reduction in the viscosity of the solution. This was accompanied by 
the release of reducing material. Typical results for the release of reducing material from 
solutions, of exopolysaccharide (strain 418) on enzyme treatment are shown (Fig. 2). 
Similar results were obtained from all type 2 polysaccharide preparations, within the limits 
of experimental error, no differences were detected in the time required for o% drop in 
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Fig. 2. The release of reducing material from Kiebsiella polysaccharide solutions on treatment with 
phage enzymes. Polysaccharide solutions (4 mg/ml) were incubated at 300  with enzymes (o- I mg 
protein/ml) and samples removed at intervals for determination of reducing sugars. im, Kiebsie/la 
aerogeizes type 54 polysaccharide and type 54 enzyme; 0, Kiebsiella type 2 polysaccharide and 
type 54 enzyme: A, Klebsielia type i polysaccharide and type 2 enzyme. 
(F31, 	having type 54 as their normal host. No hydrolytic activity was found using a 
number of other Kiebsiella exopolysaccharides nor was any found using carboxyl-reduced 
Kiebsiella material of serotype 2. As phages F31, 34 and 39, isolated using Kiebsiella aero-, 
genes type 54 as host bacteria, showed partial clearing of the type 2 strains on solid media, 
enzymes prepared from phage-infected type 54 cells were also tested. The effect was the same 
as that observed with the F40-induced enzyme. The viscosity of the solutions fell and reduc-
ing material was liberated (Fig. 2). No fall in viscosity of solutions of polysaccharides from 
the type x strain was seen despite the known chemical similarities and serological cross-
reactions of this polymer. Attempts to isolate similar enzymes from non-infected bacteria 
were unsuccessful. 
Isolation and characterization of enzyme products. The products from hydrolysis of strain 22 
polysaccharide were separated into two fractions (Pt and P2) which could not be resolved 
further by paper chromatography. The strains containing formate as the sole acyl group 
produced a single fragment (Pi) on electrophoresis and it, too, could not be resolved further 
by chromatography. The acetylated polymers yielded approximately equal amounts of two 
oligosaccharides (Pr and P3) which were separable by paper chromatography in solvent D. 
Exactly the same products were obtained from the respective polysaccharides when F31, 
F34 or F40-induced enzymes were used. 
Examination of the oligosaccharides obtained by enzymic hydrolysis in this way showed 
that the slower-moving (chromatographically) fractions from strain 22 and the acetylated 
strains were indistinguishable and also appeared to be identical with the single product from 
the strains containing formate as the sole acyl substituent. Hydrolysates of all three fragments 
contained glucose, mannose and glucuronic acid in the approximate molar ratio of : iii. 
All the mannose in each oligosaccharide was reduced to mannitol by treatment with sodium 
borohydride, indicating that each was a tetrasaccharide in which mannose was the terminal 
reducing sugar. The properties of the three tetrasaccharides and the polymers from which 
they were produced are listed in Table 2. Attempts to identify the sites of acyl groups are 
continuing. - 
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Table 2. The properties of o/igosaccharides isolated from enzymic hydrolysates 
Components imoIes/lO0 /L1 solution * 
Oligosac. 	 Glucuronic 
charide Source 	Glucose 	Mannose 	Acid 	Formate 	Acetate 	Pyruvate MCI C At Rglc(80 	 D) 
P1 	All type 2 	234 	1-29 	1-30 	1-27 	0 	0 	 045 	0-36 polysac- 
charides 
P2 	22 only 	2-92 	143 	1-50 	0-02 	0 	 1-44 	0-94 	066 
P3 243 2-97 1-65 151 1-58 1-54 0 041 0-45 2930 
2895 
* Figures are given for material from strains 418, 22 and 243 respectively. Other preparations showed no significant 
differences from these in the molar ratios of the constituents. 
t Electrophoretic mobility relative to glucuronic acid. (M 01 ). 
DISCUSSION 
Capsular polysaccharides prepared from nine different strains of Klebsiella type 2 were all 
hydrolysed by a phage-induced enzyme. As judged by similar rates of release of reducing 
material and of reduction of solution viscosity, the differing acyl groups present on the poly-
saccharides did not affect the enzyme activity. Attempts to find other substrates for the 
enzyme were unsuccessful. Carboxyl reduction, the conversion of the glucuronic acid resi-
dues to glucose, leaves the polymer structure intact. This change was sufficient to render 
type 2 polysaccharide resistant to enzymatic hydrolysis and thus defines further the sub-
strate specificity of the phage-induced enzyme. It appears to be a mannosidase hydrolysing 
the mannosidic bond in polymers containing the sequence_D-glucuronosyl_D.mannosyl_D. 
glucose - identified by Gahan et al. (1967). It was not active against polysaccharides of 
types 30 and 69 which are known to cross-react serologically with type 2 Klebsiella strains 
(Dr I. ørskov, personal communication). Either the serological cross-reaction is not due to 
the particular mannosidic bond or, the remaining glycosidic bonds and chemical structure of 
the polymers may be sufficiently different to account for the lack of enzyme action. 
Surprisingly, phage-induced enzyme preparations from Kiebsie/la aerogenes type 54  also 
hydrolysed type 2 polysaccharides, forming the same products as the enzyme induced by 
phage in type 2 bacteria. This result could be due to (i) a gratuitous impurity in the type 54 
enzyme preparations or (ii) a much lower substrate specificity in the type 54 enzyme systems. 
The latter is more probably true, as these enzymes had previously been shown to hydrolyse 
K. aerogenes type 54 polysaccharide, de-acylated polymer and oligosaccharides derived from 
it (Sutherland & Wilkinson, 1968) as well as hydrolysing the capsular polysaccharide of 
similar but not identical structure formed by Escherichia co/i K27 (Sutherland, Jann & Jann, 
1970). Both the enzymes induced in Klebsiella type 2 bacteria and those isolated from phage-
infected K. acrogenes type 54 cultures appear to be hydrolases. The hydrolysis products con-
tained glucuronic acid and not a 4, 5 unsaturated uronic acid of the type formed by the 
eliminase acting on Kanthomonas phaseoli capsular polysaccharide (Lesley, 1961) and 
similar systems. 
Of the nine serotype 2 Klebsiella strains examined, only one capsular polysaccharide was 
py ruvylated confirming the results of Gormus, Wheat & Porter (1971). Pyruvate is now known 
to be a common substituent of bacterial exopolysaccharide, having been identified in such 
polymers from Xanthomonas species (Orentas, Sloneker & Jeanes, 1963); Escherichia co/i 
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(Lawson et al. 1969) and several other bacteria. Recently, Gormus ci al. (1971) identified 
pyruvic acid as a component of exopolysaccharides from various Klebsiella species including 
serotypes I and 3-6, but failed to find it in the polysaccharide of the one type 2 strain 
tested. The present study shows that not all strains of one serotype possess the same acyl sub-
stituents on their exopolysaccharides despite the probable constancy of the carbohydrate 
structure. Formate, previously identifiedas a component of Kiebsiella aerogenes type 54 
capsular material (Sutherland, 1970) is. prevalent in type 2 polysaccharides as well. 
The author is grateful to Dr K. C. Watson for the gift of the phage culture and to Mrs I. C. 
Wright for technical assistance. 
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10 	Introducti on 
The bacterial cell resembles cells of higher organisms and of other 
micro-organisms in forming a number of polysaccharides. These are either 
components of cell structures, such as the teichoic acids and lipopoly-
saccharides which form integral àomponents of prokaryotic cells wall, 
or they may provide mechanisms of storing carbon or energy in polymeric 
form. Lri addition, numerous cells synthesise polysaccharides which lie 
outside the cell wall or are found secreted into the environment. These 
Polymers form the subject of the present article. Depending on their 
structural relationship to the bacterial cell, they have been variously 
termed slime, capsular or microcapsular polysaccharides. The name 
exopolysacchari provides ageneral term for all these forms of bacterial 
polysaccharide found outwith the cell wall and will be used in this con- 
text. 
Bacterial exopolysaccharides have been the subject of numerous 
studies over a. period of many years (see reviews by Wilkinson, 195 8 ; 
Stacey and Barker, 1960; LUderitz et . , 1968). 	
Some studies, such 
as those on DiploccoccuS pneumOfl, have been primarily concerned with 
the role of the exopolysaccharide in bacterial virulence for the hostan-
imal and with the use of jmmunochemistry as a tool in the identification 
of strains. 	Other studies on soil bacteria, have been more concerned 
with the possiblerole of the exopolysaccharide in soil fertility and in 
microbial survival. Despite much expenditure of effort, little is 
known about the in vivo role of these polymers and few attempts have 
been made to correlate the large amount of information obtained on their 
chemistry and biology. 
In the laboratory, it is clear that exopolysacCharides are not 
essential for bacterial growth and survival. Non-mucoid mutants, 
unable to form exopolrsaccharide5, are readily isolated. They occur 
2. 
spontaneously or after muta.geneSiS and can be readily recognised by 
their altered colonial appearance (fig. 1 and 2). 	In mucoid cultures, 
capsules or slime can be removed by physically or enzymically without 
adverse effect or bacterial growth. Further incubation leads to 
synthesis of new exopolysacCh2rideo 
Because of their highly hydrophilic nature and their chemistry, 
most methods of staining expolysaccharid.eS are of only limited 
application. Capsules can be observed using light microscopy either 
in unstained preparations examined directly or by use of phase contrast 
illumination. Exopolysaccharides are best detected by negative staining 
techniques. The India Ink method (Duguid, 1951) has the advantage 
of distinguishing between cells or cultures which form a discrete 
capsule (rig. 3) and those which excrete an 'amorphous polysaccharide 
into the environment where it is observed in the form of slime, unattached 
to the bacteria. Use has also been made of the IQuellun& reaction, 
often wrongly termed the "capsule-swelling" technique. In this, 
deposition of a precipitate of homoloouS antibody at the periphery of 
the capsule, permits its visualisation on microscopic examination 
(Cruickshank, 1960). It is also unfortunate that electron microscopy 
and freeze etching techniques are .of limited application with regard 
to bacterial exopolysaccharides. As a result, little information on 
their possible internal structures is available. 
In cultures of capsulate cells, some slime is obtained due to its 
gradual release from the capsules. This material, like the slime 
obtained from non-capsulate mutants, is chemically indistinguishable from 
capsular material. Production of either capsules or slime is found in 
many species of gram positive and gram negative bacteria. It i. 
assumed, in the absence of evidence to the contrary, that these poly-
mers are physically identical and that polysaccharides, produced under. 
2 CL 
different growth techniques are of constant size etc. Whether this 
assumption is justified must await improved techniques and further 
experimentation. 
The purpose. of the present review is to discuss some of the 
results obtained from studies on the structure and synthesis of exo-
polysaccharides in order to present a model for their biosynthesis 
within the bacterial cello 
3., 
POLYSACCHARIDE PRODUCTION 
Although most, but not all, mucoid bacteria produced some exopolysacCharide 
under all cultural conditions, the growth environment is very important for 
maximal exopolysaccharide production. The infl,uence of the environmental 
conditions has been studied in a number of bacterial species using both growing 
cultures and alternatively, conditions under which the cells can produce poly-
saccharides but do not grow. Most exopolysaccharide-synthesising bacterial 
species are either aerobes or facultative anaerobes, and polysaccharide production 
is normally highest when no limitation of oxygen is imposed. Perhaps as a result 
of this, more polymer is frequently excreted in solid media than is obtained from 
comparable amounts of cells grown in liquid media. Studies on K.aerogenes 
(Wilkinson et al., 1955) established that the composition of the exopolysaccharide 
was independent of the carbon and energy source provided for growth and polymer 
synthesis. This is probably true for most if not all heteropolysaccharides 
found as bacterial slimes and capsules. Where however, more than one 
exopolysaccharide is formed, Variations in the proportions of the different 
polymers synthesised may occur. In contrast, synthesis of a number of 
homopolysaccharides such as levans and cxtrans, requires the provision of a 
specific substrate, thus reflecting the involvement of highly specific enzymes 
acting on oligosaccharideca.rbOfl sources. 
In defined media, exopolysaccharide production was stimulated by nutrient 
limitation in the presence of excess carbohydrate (Dugu.id and Wilkinson, 1953; 
Wilkinson et al., 1954). Limitation of the carbon and energy source resulted 
in minimal polysaccharide production. Deficiency of nitrogen, phosphorus, or 
sulphur sources in the preence of carbohydrate, all led to increased exopoly-
saccharide production by K.aerogenes or E. coil strains until a maximum was 
reached. This value was not exceeded even when the cultures still apparently 
possessed sufficient carbohydrate and oxygen to permit further synthesis. The 
maximum value, as measured by the polysaccharide/cell nitrogen ratio, depended on 
the limiting nutrient. It was highest for phosphate limitation (48) and lower for 
4-0 
nitrogen (29) and sulphate (17) limitations. Deprivation of potassium limited 
growth in a manner sithilar to deprivation of other nutrients, but was much less 
effective in stimulating polysaccharide synthesis (Dugu.id and Wilkinson, 1954). 
This may have been due to limited uptake of the carbohydrate substrate, as potassium 
limitation also results in cells with very low intracellular glycogen content even 
although the other growth conditions were expected to favour polysaccharide 
synthesis (Dicks and Tempest, 1967). The cause of the lowered synthesis of 
polysaccharide was attributed to an antagonism between potassium and ammonium 
ions. 
For K.aerogenes in liquid media, the rate of pclysaccharide production was 
greatest during the exponential phase of growth and gradually decreased thereafter 
(Duguid, and Wilkinson, 1953). The maximal amount of exopolysaccharide was, 
however, accumulated after cell multiplication had effectively ceased (ater 14-, 
48 hr. growth). This was also reflected in the increased diameter of the 
capsules during the later stages of growth. 
Although a high C/N ratio favoured exopolysaccharide production in mucoid 
strains of Chrornobacterium violaceum (Corpe, 1964) in a manner similar to that 
observed for K.aeroenes 9  this was not true for cellulose production by Acetobacter 
acetigenum (Dudman, 1959) .. Both growth and cellulose synthesis were only slightly 
affected by altered glucose concentrations in a defined medium. Cellulose 
synthesis was stimulated under these conditions by the addition of acetate, 
citrate or succinate. Although the supplementation with ethanol increased the cell 
yield, it did not affect cellulose synthesis. Results obtained with one bacterial. 
species should only be extrapolated with care when considering other strains, but 
the response of exopolysaccharide production by Rhizobium meliloti to -the nitrogen 
concentration of the medium resembled that of K.aerogenes and E.coli (Dudinazi, 
1 964). Where the Rhizobium sp. did show a markedly different response from the entr-
bacteria was in the effect of aeration. Both growth and polysaccharide production 
were favoured, under the conditions employed, by low aeration. It is probable 
that similar conditions, i.e. carbohydrate excess and low aeration together with 
low nitrogen concentrations, are found in many of the natural environments in 
50 
which the production of large amounts of exopolysaccharide present an effluent 
problem. The micro-organisms responsible for this are mainly strains of 
Sphaerotilus natans and related species. 
In his studies using Chromobacterium violaceum, Corpe (1964) observed 
that the presence of Ca ions strongly stimulated polysaccharide production. 
When Fe was omitted from the culture media, increased polysaccharide synthes 
was detected despite a reduction in bacterial growth. Both growth and polymer 
production required the presence of Mg ++ ions which could not be replaced by 
other divalent cations such as Mn++. 
Polysaccharid12.Jn washed cell sus pension . 
Studies on exopolysaccharide synthesis in nutrient media showed that the 
polymers continued to be excreted some time after growth and cell division had 
ceased. It was thus logical to use non-nutrient suspending fluids (washed 
suspensions) to determine some of the parameters necessary for optimal polysacchari 
production. Using Klebsielia aeroenes (type 54 (strain A3(31)), Wilkinson and 
Stark (1956) obtained uniform production of exopolysaccharide over -a period of 
4 hr. in washed cell suspensions. Under optimal conditions, about 0.75% 
of 
the arailable carbohydrate was converted to exopolysaccharide each hour. A 
further 0.25% of the glucose was utilised to form intracellular polysaccharide 
(glycogen). Such high conversion rates were only obtained in aerated cell 
suspensions with excess utilisable carbohydrate in the presence of K+,. M g++ 
and Ca" ions. The greatest decrease in such levels followed the exclusion 
of oxygen or the omission of 	ions. Using a similar slime-forming mutant 
of K.aerogenes, Norval (1969) obtained similar 'results and also showed that the 
rate of polysaccharide synthesis in washed cell suspension by log phase and 
stationary phase cells grown in several different media was very similar 
(fig. 1 ). The ability to synthesise extracellular polysaccharide was lost from 
older cultures (48 hr.) in synthetic media and was very low in cells grown in 
media lacking utilisable carbohydrate. The, production of exopolysaccharide was 
6 . 
independent of glycogen-synthesising capability, as log phase cells contained 




Isolation and Purification 
The isolation of exopolysaccharide presents few problems when it is secreted 
as an extracellular slime. The lack of physical attachment between polysaccharide 
and cell enables differential centrifugation to be employed. The main problem 
in such preparations tends to be the high viscosity of the slime solutions which 
hinders deposition of the cells. Different slime preparations vary greatly in 
their intrinsic viscosities and no firm rules for centrifugal speeds required to 
achieve adequate separation can be given. 	The polymers are recovered from the 
supernatant fluids by the addition of acetone or ethanol. If the exopolysaccharide 
is in the form of a capsule it must be detached from the cells. Again it is 
difficult to generalise, as capsules are much more readily removed from some 
strains than from others. Gentle stIrring or mixing in a homogeniser may 
suffice or more drastic proQedures may have to be employed. Boiling has frequently 
been used, as has treatment with dilute alkali. Such methods inevitably lead to 
production of a polymer containing various contaminants and some degradation may.: 
also occur. 
Purification of ExopolysaccharideS 
The removal of extraneous matter from exopolysaccharide preparations, 
whether of slime or capsular origin, presents several problems some of which are 
again due to the high viscosity of the polymers in aqueous solutions. The 
deproteinisation technique of Sevag (1934) has been widely applied and it can be 
reasonably successful provided that dilute (A0.5 w/v) solutions of the 
polysaccharide are used. Fractional precipitation with organic solvents has only 
been oflimited .lüe and gis poor separation from other linear polymers which 
may be present. These may include nucleic acids if the cells have undergone 
lysis. Removal of either nucleic acids or protein is probably best accomplished 
by enzymic digestion and a succession of treatments with DNase, RNase, trin 
and pronase may be required. After mild heating' to destroy the enzymes, the 
polysaccharides are recovered from the supernatant fluids after centrifugation. 
Use can also be made of the ability of acidic polysaccharides to combine with 
quaternary ammonium salts (Scott, 1965). The complexes thus formed precipitate 
8 S 
and can be separated from soluble neutral material. Recovery of the polysaccharides 
is obtained in strong salt solutions. It is also possible to apply the phenol-water 
extraction procedure developed for the extraction of lipopolysac char ides from the 
cell walls of gram negative bacteria (Westphal, Ltderitz and Bister, 1952). 	On 
addition of the crude material in aqueous solution to 9 (w/v) phenol at 600  and 
subsequent centrifugation at 00,  the exopolysaccharides are found in the upper,, 
aqueous phase of the biphasic system. Nucleic acids will also be found in this.' 
layer if they were present in the original mixture. Selective absorption of either 
the polysaccharides or of contaminating material on ion-exchange absorbents has 
found..-relatively little application in the purification of bacterial exopolysaccharic 
although it proved successful during the purification of polys ac char ides. from other 
sources (Jermyn, 1962). On a micro scale, as in the study of polymer produced by 
cell-free synthesis, precipitation with specific antisera provided an elegant method 
for recovering the polysaccharide formed ( Smith at al., 1960 	' ). 
The composition of bacterial Exopolysaccharides 
Sugars. Several different typos of sugar have been detected in exopolysaccharid.es, 
but the commonest monosaccharides are undoubtedly the three hexoses D-glucose, 
D-galactose, and D-mannose. In addition, the two methylpentoses fucose and 
rhamnose have frequently been reported. They provided an interesting 'example of 
L-isomers of sugars found in nature, as opposed to the more usual D-forms. Less 
commonly found have been pentoses ribose, arabinose and xylose, while the 3, 6-
did.eoxyhexoses appear to be confined to.the lipopolysaccharides of gram' negative 
bacterial cell walls (Lllderitz et al., 1968a). Also normally absent appear, to -. 
be the heptoses and octa-oses again found associated with lipopôlysaccharides. 
However, exopolysaccharides do contain both amino sugars and sugar acids, either 
separately or together in the same polymer. The amino sugars, in the N-acetylated 
form, are usually D-glucosamine, D-galactosariine or D-mannosamine. Although 
D-glucuronic acid has been most frequently noted, D-.galaoturonic acid, D-mannuronic' 
acid and L-gluronic acid have also been found. These sugar acids contribute to 
the net negative charge commonly found in exopolysacoharides. It is certain that 
othör sugars and sugar derivatives are components of these polymers and that careful. 
9 . 
re-examination of many such preparations will reveal further monomers some of 
which may resemble or be identical with the unusual amino sugars found during 
reappraisal of some bacteria]. lipopolysaccharides (Volk et &l., 1970; 
LC.deritz 
et 	1968). 	 . 	
. 
Most sugars obtained from hyuro].ysates of exopoly8aCCharides have been 
identified initially by paper or thin layer chromatography. In many cases, 
provided suitable solvent systems were used, this provided a satisfactory and 
perhaps the simplest means of identification. It should be remembered that these 
techniques do not distinguish between D- and L- isomers. It is desirable to 
characterise the sugars either by preparation of suitable derivatives or by 
specific quantitative enzymic methods. Many of these enzymic assays are both 
extremely rapid and sensitive thus being very valuable in studies of 
oligosaccharides where only small amounts of the product may be available. In 
some of the assays (table j ) the enzymic reaction can be followed directly, but 
in others the specific enzyme product is determined by non-specific colourimetric 
procedures. It is unfortunate that in many tudies of polysaccharide composition 
only group-specific colourimetriC 
tests have been used. An alternative method of 
sugar characterisation and assay involves the preparation of trimethylsilyl 
ethers 
and the identification of these volatile compounds, by. gas-liquid chromatography. 
1 
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Non-Sugar Components. Two types of non-sugar components are found 
in bacterial exopolysaccharides : organic and inorganic. The organic sub-
stituents are organic acids or in a few cases, methyl groups. The simplest of 
these and at the same time the most recently discovered, are formyl residues. 
These had been detected earlier in the N-formylated antigens isolated from cells 
of Brucella melitensis (Miles and Pine, 1939) and had also been found as part of 
a glycoprotein from ovomZcoid (Marshall, 1960)0• In bacterial exopolysaccharides, 
formate was characterised in the slime from a CLebsiella aerogenes type 54 strain 
but is now also known to occur in Klebsiella type 2 exopolysaccharides (Sutherland., 
1971b). The formyl residues in these polymers are attached to either a neutral 
sugar or to g].ucuronic acid and the absence of amino sugars precludes N-formylation 
Formate is therefore most probably linked as an ester, attached to one of the 
several available free hydroxyl groups on a sugar residue. The presence of formyl 
residues confers characteristic chromatographic properties on oligosacchanides in 
which they are present, while having little effect on the electrophoretic mobility 
(Sutherland & Wilkinson, 1968, Sutherland, 1971b)0 	' 
Acetate has long been known as a component of exopolysacchanides and 0-acetyl .  
residues are probably among the most widespread non-carbohydrate modifications 
found on neutral or acidic sugars. They are found in polysaccharides from diverse 
genera such as Diplococcus pneumoniae, Rhizobium Radicicolum, Azotobacter 
vinelandii and Klebsiella aerogenes0 As with 0-formyl residues, acetylatiøn 
affects the chromatographic mobility of oligosacchanides derived from the 
exopolysaccharides by enzymic hydrolysis. They also cause sufficient alteration 
to their charge/mass ratio to retard. them slightly when subjected to paper 
electrophoresis. In those polymers containing amino sugars, N-acetyl groups are 
consistently found.'  
Pyruvate was first found in a polysaccharide in agar (Hirase, 1967) but was 
subsequently detected in capsular polysaccharides from Xanthomonas campestris 
(Sloneker and Orentas, 1962a). The pyruvate in these polymers was linked as a 
ketal to 	 (fig. 5 ). The carboxylic acid group is thus free and 
contributes to the overall charge on the polymer as well as being available for the 
possible binding of salts. Pyruvate is widely found in exopolysacchanides and. 
has been found in many of the genera in the polysaccharides of which acetate is 
present. Pyruvyl galactose appears' to be the most frequently encountered residue, 
but pyruvyl glucose has also been identified (Sloneker and Orentas, 1962b). 
Unlike 0-acetyl groups which are extremely labile to alkali and to acid treatment 
and are consequently never found in oligosaccharides derived from partial acid 
hydrolysis of the polysaccharides, pyruvylated sugar residues are relatively stable 
11. 
to acid or alkaline hydrolysis. It is thus simpler to obtain pyruvylated sugars 
or pyruvylated oligosaccharid.es by partial acid hydrolysis (0.25M H2504  at 1000 
for 20-30 mm.) of the polymers in which they are found. High yields of such 
derivatives may also be obtained by the autohydrolysis of the polysaccharide 
solutions in the free acid form for 10-16 hr. at 1000. As well as pyruvylated 
galactose and glucose, pyruvyl fucose is thought to occur (Sutherland, unpublished 
results) in the polysaccharide of one Klebsiella serotype, Pyruvyl sugars have 
high chromatographic mobilities and on paper electrophóresis in pyridine-acetic 
acid buffers have a mobility close to 'that of glucuronic or galacturonic acid 
(table 2 ). These properties may have led to confusion in the examination, of 
partial acid hydrolysates of polymers in which pyruvate was not originally known 
to be present. The properties of pyruvylated oligosaccharides also differ 
considerably from the corresponding compounds from which pyruvate iS absent 
(table 3 ). 
The fourth type of non-carbohydrate organic substituent to be detected was 
succinate. To date, this has been found in a single exopolysaccharide produced 
by a strain of Alcalienes faecalis var. myxogenea (Harada, 1965). The polymer 
contained glucose as the principle sugar along with smaller amounts of galactose 
(Misaki et al., 1969). No uronic acids' or amino sugars were present, so,the 
polymer differed from most others in which acyl sugars have been found and which 
contain various charged sugars. The. succinate was probably linked as an ester 
to free hydroxyl groups of glucose moieties. The succinyl groups resembled 
0-acetyl groups in being labile to alkali (o.1 NaOH at 700 for 2.5 hr.) and to 
mild acid treatment (Saito eta]., 1970), No succinylated fragments were Isolated. 
It is probable that other non-carbohydrate components will be found in 
exopolysaccharides, as Lindberg and his colleagues have recently shown that in 
colanic acid, a heteropolysaccharide secreted by 'a number of species of species 
.of Enterobacteriaceae, various non-sugar substituents were present. These 
included methylene and 'ethylidene groups identified by mass spectrometry 
(Garegg, et 21., 1971 a, b). 	, 
Inorganic 	 Crude preparations of exopolysaccharides almost all 
contain a considerable amount of salts. It is. sometimes difficult to determine 
whether these form an essential part of the polymer or whether they are non-
specifically absorbed to it. Phosphate is certainly a component of one group of 
Diplococcus pneumoniae capsular polysaccharides. These are exemplified by the 
12. 
specific polysaccharide of type.XVIIIA pneumococcus which contains D-galactose, 
1)-glucose, rhamnose, N-acetyl-D-glucosamine, glycerol and phosphate in the 
approximate molar ratio 2 :3:5:1: 1 : 1  (Heidelberger eta].., 1964). This type of' 
polymer bears a resemblance to the teichoic acids found in the óell walls of 
many gram positive bacterial species. The presence of other inorganic compounds 
remains unproven. It does seem surprising that sulphate which is found in a 
number of polysaccharides derived from the higher algae and from mnmalian tissues 




A number of features define the structure of a polysaccharide. These are: 
i) the monosaccharides present; ii) the type of linkage by which each mono- 
saccharide is joined to the adjacent sugar residues; iii) the sequence of the 
oligosaccharides formed from the specifically linked monosaccharides; iv) the 
presence of non-carbohydrate substituents as esters or ketals or ester-linked 
phosphate; and v) the molecular weight. This combination of properties may 
provide a number of problems when attempts are made to elucidate the structure 
of bacterial exopolysaccharides. Structural studies are also rendered difficult 
by the lack of well-characterised enzymes breaking down the exopolysaccharides. 
It is thus more difficult to determine whether repeating units occur in such 
polymers and whether variations occur within such units. 
Methylation. 
One method for structural determination requires the. methylation of all free 
hydroxyl groups in the polymer. The methylated polysaccharide is then hydrolysed. 
and the methylated sugars identified, the presence of free hydroxyl groups indicat 
the nature of the glycosidic bonds in the native polysaccharide. From the identif. 
ication of the methyl sugars and determination of the relative amounts it should be 
possible to deduce the amount and type of the glycosidic linkages in the poly-
saccharide. Unfortunately, earlier work using this technique was affected by 
several problems which resulted in incomplete methylation and consequent wrong 
deductions as to polysaccharide structure. In particular, the frequent references 
to exopolysaccharides as "highly branched structures" derive from these artifacts 
and should be regarded with some caution. The problems in the methylation of 
polymers containing uronic acid residues or amino sugars are much greater than in 
neutral polysaccharides which lack the highly acid-resistant aldobiouronic acid 
linkages. These can beovercome by conversion of the uronic acid residues to the 
corresponding neutral sugars (carboxyl reduction) prior to methylation. One of 
the major problems in the methylation procedure, that of incomplete methylation, 
has been overcome through the development of an improved methylating agent by 
Hakamori (1964). He employed the strongly basic methylsuiphymyl carbanion to give 
efficient alkoxide formation in complex polysacchaxides. The procedure was applie 
to studies on Kiebsiella exopolysaccharides with much more satisfactory results 
than those obtained by earlier workers (Sandford and Conrad, 1966). The methylate 
polymer should then be hydrolysed under conditions where de-methylation and 
destruction of methylated sugars is minimal. A further development is seen in the 
formation of acetates from methylated sugars and their baracterisation through 
I" 
combined gas-liquid chromatography and mass spectrometry. This method was 
initially applied to lipopolysaccharides from bacterial cell walls (Bj3rndai. 
et al., 1967) but is also applicable to studies on exopolysaccharides 0 
Periodate Oxidation and Carboxyl Reduction 
Periodate oxidation can provide a considerable amount of information about 
exopolysaccharide structure and, when used under conditions where "over-oxidation" 
is prevented, has been a valuable technique. It has also been followed by. reductio 
and partial acid hydrolysis. Not all bacterial exopolysaccharides however possess 
structures which are oxidised by periodate (Barker et al., 1963). Further 
information in uronic acid-containing polymers can be obtained by esterification 
of the carboxylic acid and subsequent reduction. The neutral polymer so obtained 
can then be examined without the problems associated with the acid-stable 
aldobiouronic acid. When the native polymer contained glucuronic acid and glucose 
was already present, itcan be distinguished from that formed on carboxyl reduction 
by the use of sodium borotritide as reductazit (Sutherland, 1970b). This is equally 
true for other uronic acids and the corresponding neutral sugars. Determination of 
the specific activity of fragments obtained on partial acid hydrolysis then 
indicated their origin. 	 . 
Partial acid hydrolysis has - been widelyappliedtothe studyofexopolysacoh-
aridé structure. It has provided much useful information but suffers also from 
certain drawbacks. Where uronic acids or amino sugars are present, the resultant 
glycosidic bonds to the adjacent neutral sugar residues resist hydrolytic conditions 
which cleave all other glycosidic bonds in the polymer. This is especially true 
when furanosidic bonds are present but is also seen in highly acid-labile fucosid.ic, 
mannosidic or ribosidic linkages. It is thus difficult to devise hydrolysis 
conditions yielding significant amounts of oligosaccharides larger than the 
aldobiouronic acids or the corresponding amino-sugar-containing disaccharides, 
A similar problem is seen when the D-galactopyranosyl 143 D-glucose configuration 
is present (Osborn et al., 1964). The yield of fragments from partial acid 
.hydrolysates can however be increased considerably through use of polystyrene 
suiphonic acid (Painter and Morgan, 1961) or through controlled continuous removal 
of theoligosaocharides as they are formed (Galanos et al., 1968). 	 - 
Biological methods of structural determination have been surprisingly slow to 
gain acceptance. This may in part be due to the small number of enzymes known 
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to hydrolyse exopolysaccharides (see below) and to the enormous volume of work 
necessary to obtain the basic information required prior to the use of the 
iminunochemical approach. However the painstaking work of Heidelberger and his 
colleagues is seen in the increasingly frequent use of iuununochemical methods as 
an adjunct' to other techniques in the 'determination of exopolysacoharide structure 
(e.g. Heidelberger et ale # 1970)0 
1.6. 
Enzymic Hydrolysis 
Relatively few enzymes hydrolysing exopolysaccharides have been isolated 
and fewer still have been characterised. One of the first examples cited was 
an enzyme obtained from a soil bacillus capable of growth on the capsular 
polysaccharide of D. 'pneumoniae type III (Dubos and Avery, 1931). The 
enzyme destroyed the capsular structure and resulted in complete loss of the 
iminunochemical activity of the polysaccharide. It was however inactive 
against serologically related polysaccharides such as that from type VIII 
pneumococcus. Subsequently a soil organism, to which the name Bacillus palustria 
was given, was found, depending on the polysaccharide used as inducer, to excrete 
specific enzymes hyrdolysing either type III or type VIII pneumococcal 
polysaccharides (Shaw and Sickles, 1950; Sickles and Shaw, 1950). 
bacterial strain producing the enzymes was subsequently identified as a strain of 
Bacillus circu1azi. (T. Gibson, personal communication). A thorough investigation 
of these two enzymes revealed that each was highly specific both with regard to 
its induction and to its substrate (Torriani and Pappenheimer, 1962). In both 
cases, induction only occured when -the - substrate polymer or its hydrolysis 
products were added to the medium. Substrate activity did extend to chemically 
related substances such as oxidised cellulose in the case of the enzyme active 
against type VIII polysaccharide. The mode of action of the two enzymes was 
sho'wn to differ, although each acted as anexoenzyme removing the repeating units 
from the polymer chain (Becker and Pappenheimer, 1966). The enzyme active on 
type III pheuinococcal polysaccharide was a hydrolase splitting the O-p-D--glucosyl 
l— 4 bonds in the substrate. The second enzyme was a lyase or elimiriase 
catalysing formation of products containing terminal 4, 5 unsaturated glucuronic 
acid residues. These were recognised by their absorption maxima at 230 nm. 
Another inducible polysaccharide-hydrolysing enzyme was obtained from an 
organism identified. as Kiebsiella aerogenes (Barker et el., 1964). The substrate 
was the capsular polysaccharide from type XIV D. 'pneumoniae. Initially the 
enzyme released galactose and a trisaccharide which was characterised. as 
0-3-D-g1ucopyranosyl- (1-4 4) -0- (2_acetaxnido-2_deoxy-) -p-D- glucopyranosyl 
(l' 	3)_D-.galactopyranose. Prolonged exposure of the trisaccharide to the 
Klebsiella cells led to induction of a p-glucosidase which removed the terminal 
non-reducing glucosyl residue, releasing a disaccharide. 
Another successful attempt to hydrolyse 'a bacterial exopolysaccharide with 
enzyme(s) from heterologous bacteria was reported by Lesley (1961). The, 
polysaccharide from Xànthomonas phaseoli was degraded by an inducible enzyme 
formed by a Bacillus species isolated from soil. This enzyme resembled the 
1- 
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enzyme active against Diilococcus ,pieumoniae type VIII polysaccharide (Becker and 
Pappenheimer (1966) in its mode of action.. The products contained terminal 
4, 5 unsaturated glucuronic acid residues. The oligosaccharide obtained in 
highest yield was a trisaccharide composed of 4, 5 unsaturated glucuronic acid, 
mnnose and glucose which probably derived from the repeating unit of corresponding 
structure in the original polysaccharide. The eliminase type of action observed 
for this enzyme also resembled the mode of action of bacterial and other 
hyaluronidases examined by Linker and his colleagues (1956) and by Ludoweig 
(1961). 
The relative lack of success in finding polysaccharide hydrolases from 
conventional sources led to examination of another possible system: phage-infected. 
bacteria. A crude enzyme preparation capable of removing capsules from,K].ebsiefla 
pneumoniae type 1 was obtained by Humphries (1948). A similar system for 
K. pneumoniae type 2 was examined by Park (1956; Adams and Park, 1956). Although 
a considerable amount of knowledge relating to enzyme synthesis and phage specificit; 
was obtained, no hydrolysis products were characterised from either polysaccharide. 
This was also true for some other systems such as those for Azotobacter sp. (Eklund 
and Wyss, 1962) in which phage-infected bacteria were a source of enzymes affecting 
the capsular or slime polysaccharides of the host bacteria. Some of these are 
listed in table 4. 
The Azotobacter system (Ekiund. and 'Jyss, 1962) produced phage-induced enzymes 
which caused a rapid drop in the viscosity of polysaccharide solutions. Although 
no hydrolysis products were isolated, certain characteristics of the enzyme 
system such as pH optimum, were determined, using viscosity measurements. 
Experiments to determine whether the polysaccharide depolymerase was also associated 
with the phage particles, indicated that only 0.1% of the ensyme produced by 
phage-infected bacteria was actually incorporated into the viral particles. Later' 
work (Barker, T. et al., 1968) showed that the enzymes induced, by different phages 
infecting the same host bacteria had certain pyhaical differences, indicating that 
their synthesis was under the control of the phage and not the bacteria]. genome. 
Liberation of reducing material by the depolymerases from the Azotobacter vinelandli 
polysaccharide was observed and it was recently reported (Pike and Wyss, 1971) 
that despite the marked drop in the viscosity of the polysaccharide solutions 
no noticeable decrease in the molecular size of the substrate' occurred. Enzyme 
digests contained fragments of different size, resembling the original polysaccharic 
in their carbohydrate composition but lacking acetate. 'This suggests that the 
enzymes are exoenzymes removing nterial from the ends of the polymer chains. 
The known irregularity in the substrate molecules (see P. 	) may account f or the 
failure to produce higher yields of/ojigosaCcharides, as tends to occur in the 
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hydrolysis of exopolysaccharidee comprised of repeating units. 
From earlier work in our own laboratory (Sutherland and Wilkinson, 1965), 
it was clear that, where a polysaccharide of similar composition was excreted by 
a number of different bacterial strains, there was no correlation between the 
ability of a phage to infect a bacterial strain and the ability of the enzyme 
produced after phage infection to "depolymerise" the polysaccharide. Enzyme 
produced in one strain of bacterium could act on polysaccharide from another 
bacterial strain which was phage resistant. Typical results .f or E. coli and other 
strains producing the exopolysaccharide "colanic acid" are shown in table 
Although no hydrolysis products were obtained, improved techniques have recently 
led to the isolation of the repeating unit from preparations of E. coli and other 
"colanic acid" (Sutherland, unpublished results). The repeating unit of this 
exopolysaccharide is a' complex hexasaccharide of approximate molecular weiit 
1100 (Sutherland, 1969; Lawson., 1969). The failure to isolate 
oligosaccharides initially may have been due to the size and configuration of 
the hydrolysis products. Unlike many other polysaccharide hydrolases including 
those for K].ebsiella type 54 slime polysaccharide (Sutherland, 1967) the colanic 
acid hydrolases only released 30-35% of the polymer as oligosaccharides. This 
may be due to irregularities. in the substrate structure. At least two 
hydrolysis products have been identified from E. coli K12 colanic acid, one of 
which has the same structure as the repeating unit of the polymer. The enzymes 
are active against colanic acid from a number of diffei'ent strains of E. colt, 
Salmonella typhimurium and Aerobacter cloacae although a number of variations in 
the non-carbohydrate components of colanic acid were later shown (Garegg 
1971 a, b). De-acetylated polysaccharide prepared by mild' alkali treatment was 
also a substrate, but no activity was obtained using carboxyl-reduced polysaccharide 
in which all the glucuronic acid residues were converted to glucose. 
A phage which induced a capsule d.epolymersae for Kiebsiella pneuxnoniae type 
2 strains was studied by Watson (1966). The enzyme destroyed the immunochemical 
activity of the polysaccharides. Further examination of this enzyme (Sutherland, 
unpublished results) revealed that the polysaccharides from a large number of type 
2 Klebsiellg strains were all hydrolysed to their component tetrasaccharides. As 
the linkage cleaved is • ......inannosyl - glucose •... the enzyme is a inannosidase. 
Enzyme activity was unaffected by the presence or absence of a number of non- 
carbohydrate residues on the polysaccharides. There was no activity detectable 
against carboxyl-reduced type 2 Klebsiefla polysaccharide or against a number of 
other polysaccharides tested, including some,, such as Kiebsiella serotypes 30 and 
69, which show serological cross-reaction with type 2 material. 	
(Orskov, I.,, 
personal communication). As with the E. colt system described above, there was 
no correlation between phage-sensitivity of the bacteria and suspeptibiity of the 
capsular polysaccharide to the phage-induced enzyme. 
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Probably the phage-induced enzyme systems which proved most useful in 
providing information about their substrates were those active against Kiebsiella 
aeroenes type 54 exopolysaccha.ride (Sutherland, 1967; Sutherland and Wilkinson, 
1968). Two distinct enzyme types were found, exemplified by those induced by 
phages P31 and P39 respectively. The P39-induced, enzymes hydrolysed the substrate 
into octasharide repeating units, each of which contained one acetyl group and 
two other groups subsequently identified as fornjl (Sutherland, 1970a). In 
contrast, the P31-induced enzyme hydrolysed the polysaccharide to equal quantities 
of two tetrasaccharides, one of which was acetylated. The enzyme was also'
. 
lso active 
against the octasacharide repeating unit. Both enzymes hydrolysed de-acetylated 
polysaccharide and polymer from which both acetyl and forn1 groups had been. 
removed by acid treatment. As with the other phage-induced polysaccharide 
depolymerases, no activity was found using carboxyl-reduced polysaccharide. 
The discovery of an E. coli exopolysaccharide with a structure showing some 
similarity to K. aerogenes type 54 slime provided a possible substrate for the 
P31 and P39-induced  enzymes (Jarm et al., 1968). Although one of the glucose 
residues in the natural substrate had been replaced in E. coli K27 material by 
galactose, both enzymes were active in hydrolysing it (Sutherland et al., 1970). 
The products were an acetylated tetrasaccharid.e and an octasharide respectively. 
An extension of these studies (Sutherland, unpublished results) showed that type 
2 Kiebsiella polysaccharides also acted as substrates. The two type 54.hydrolaaes 
thus appear to have the lowest specificity of any of the enzymes of this type 
studied so far. Their activities are unaffected by the presence of acetyl, forij1 
or pyruvyl substituents and they hydrolyse three distinct • polysaccharide types 
(fig. 6 ), all apparently to completion. Although these enzymes can be classified 
as fucosidases, they can also hydrolyse niannoside bonds provided certain criteria 
are fulfilled. The L-fucose or D-mannose residue must form part of an 
aldobiouronic acid with D-glucuronic acid and the terminal reducing residue' of 
the fucoside or inannoside should be D-glucose. 
The hydrolase enzymes, whether from bacterial sources or induced in 
bacteriophage-infected bacteria, provide a• very useful tool in studies on bacterial 
exopolysaccharides.. They enable isolation of fragments from the native poly-
saccharides by mild methods. Acetyl and other labile groups are not detached as 
they are by virtually all the classical chemical techniques. The enzymes are thus 
extremely valuable in structural studies and may yield fragments whi'h can in turn 
be degraded by other hydrolytic enzymes. The polysaccharide hydrolases also 
provide a highly sensitive and specific assay method for use in biosynthetic 
studies on the polysaccharideso From the results outlined above, it seems that 
different types of enzyme exist: hydrolases and eliminases; endoenzymes and 
exoenzymes. It is possible that all types can be found among either the bacterial 
or the bacteriophage-induced enzymes. 	 . 	 . 
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The products of the polysaccharide hydrolases and of partial acid ' hydrolysis 
can yield further information on treatment with other glycosidases. A cnumber 
of terminal non—reducing sugars can be removed in this way. It should be noted 
that such glycosidases show variations in their activity due to aglycone 
specificity and they may also be inhibited by the presence of acyl or ketal 
substituents. Several commercial glycosidases are available and others can be 
isolated and purified in the laboratory (table 5 ). Many of these enzymes 
remain impure and the inclusion of adequate control substrates is necessary if. 
accurate results are to be obtained,  
I 	 - 	 - 
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Structure of some bacterial exopolysaccharides. 
Very many bacterial exopolysacoharides have been examined to determine 
their qualitative and quantitative sugar composition. In many preparations 
the presence of monosaccharides in a simple molar ration has enabled authors 
to predict that the polymers contain a repeating unit whose size and compos- 
ition can be postulated. Despite this, relatively few polysaccharides have been 
rigorously investigated with a view to complete elucidation of their structure. 
It is seldom possible to predict in advance what the composition, still less 
the structure of the polysaccharide isolated from a particular bacterial species 
or strain will be. But, it is clear from structural.determinations on a 
number of exopolysaccharides that they are formed from repeating units of vary-, 
ing complexity. Recent results elucidating the mode of biosynthesis of these 
polymers would seem to indicate that all heteropolysaccharides and possibly even 
some homopolysaccharide which are found in bacterial slime and capsules may 
be constructed in this way. In the following pages, some examples are taken 
from those bacterial genera in which the complete or partial structures of a 
number of exopolysaccharide types have been eluciat. 
Homopolysaccharides and Heteropolysaccharides. 
All polysaccharides, including bacterial exopolysaccharides, may be 
divided into homopolysaccharides and heteropolysaccharides - i.e.' into poly-
mers composed of a single type of monomer unit, and those formed from several 
types of monomer respectively. The homopolysaccharides most widely studied 
have been cellulose excreted by Acetobacter species and the levans and dextrans 
synthesised from sucrose and similar substrates by Leuconostoc mesenterioides 
and other bacterial species. Glucans from Agrobacteriujn species and other 
soil bacteria have also been studied (Putman et al., 1950; Gorin et al., 1961).. 
Other homopolysaccharide slimes and capsules undOubtedly exist and further 
knowledge of their structure and synthesis must await improved methods of 
analysis. By their very simplicity, 'being composed of a single uniform 
type of monomer, studies on homopolysaccharides 'present problems which are 
either absent from heteropolysaccharides or are more readily attacked in these. 
polymers. 
Most bacterial exopolysaccharides studied, whether in detail or merely 
by detection of the oomponent sugars, are heteropolysaccharides. These poly. 
mers can vary greatly in their complexity. Some such as the capsular poly-
saccharide of Diplociccus pneumoniae type III contain only two types of man-
saccharid.e, D-glucose and D-glucuronic acid (Reeves and Goebel, 1941). The 
presence of five or six sugars has been re,ported in some bacterial exopoly- 
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saccharides but it is possible that all these may not have been truly derived 
from capsule or slime. Polysaccharides containing three or four monosaccharides 
are commonly found. It is certain that exopolysaccharides in general are much 
less complex than are the polysaccharide entities of the ].jpopolysaccharide or 
somatic antigen found in the cell walls of most gram negative bacteria. In 
these, even the so-called "basal structure" in the genus Salmonella contains 
five different sugars, while a further three or four monosaccharides may form 
the 0-antigenic determining "side-chains" (LU.deritz et al. 1968). 
Structure of Homopolysaccharide. 
Determination of the structure of homopolysaccharid.es may often be more 
difficult than that of heteropolysaccharides due to the presence of a single 
monomer unit. Bacterial cellulose, produàed by Acetobacter species, has receivei 
much study and was identified as a linear polymer of -glucosyl 1 —44 glucose 
residues (Barclay et al., 1954). The polysaccharide chains had an average 
length of 600 glucose residues and, closely resembled the product from 'green plant 
The difference between the plant and bacterial polymers lies in their location, 
in the cells in which they are synthesised. In bacteria, cellulose is an extra-
cellular polymer and does not form part of the cell structure as in plant cells. 
Loss of the ability to synthesise cellulose does-not adversely affect the 
bacteria. 
Other extracellular homopolysaccharideS which may have been the subject of 
much study are the levans and dextrans. Levans are produced by many plant 
pathogenic bacteria of the genera Pseudomonas and Xanthomonas as well as the 
gram positive genus'Bacillus and Streptococcus salivarius. Levans are poly-
fructoses, often with very high molecular weights of 106  or greater, in which 
the predominant linkage is-D-:Fructosyl 2 —+ 6 D-fructose. (Cooper and 
Preston, 1935). The products from Bacillus species have chain lengths of 10-12' 
fructose residues and are extremely labile to acid hydrolysis being completely 
hydrolysed by 0.021j HC1 at 60 ° in only 30 mm (Lyne, Peat and Stacey, 1940). 
Dextrans are essentially linear chains of a-D-glucosyl 1 ­10. 6 D-glucose with 
branch points at the 2, 3 or 4 positions. Their formation as extracellular 
polymers is confined to a small number of gram 'positive bacteria including: 
Leucomostoc mesenterioides, L. dextrariicuin and Streptococcus viridans. The 
chain length sháws cónsiderable variation, some preparations having average 
chain length of 5-40 monosaccharides while others contained up to 550 glucose 
residues (Peat, Schluchterer and Stacey, 1939). 	 ' 
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Examination of a polysaccharide excreted by Agrobacterium tumefacier 
indicated that it consisted mainly of -.D-glucopyranOsy1-1--42 D_glucopyraziOse hr 
aces (Putman et al., 1950). Further work on polysaccharides from a number of 
Agrobacteriurn species confirmed that they too were similar linear glucans (Gorin 
., 1961), but this type of .1 -4 2 linked structure has not been widely found 
outside the genus Agrobacterium.  
Structure of Heteropolysaccharid.eS 
Gram negative bacteria 
Escherichia co1i. The large number of strains which are classified as E.coli are 
differentiated on the basis of their lipopolysaccharide (somatic) antigens, found 
in the cell walls. Within these many serotypes, two forms of exopolysaccharide 
production were recognised. A large' number of strains, together with strains of 
most Salmonella species and Aerobacter cloacae, were capable, under suitable 
conditions, of excreting an extracellular slime to which the name colanic acid was 
given (Goebel, 1963; Anderson and Rogers, 1963; Grant et al., 1969),' This polymer 
will be considered separately. In addition, a minority of E.coli strains are 
capsulate and may be recognised as such by negative staining techniques. For 
diagnostic purposes ; the capsulate strains of E.cóli were subdivided into three 
groups termed A t B and L (Kauffmann and Vahine, 1945). Of these the B and L types 
formed very small capsules which could not be discerned using the light microscope 
except after growth under special cultural conditions (Ørskov,  1956) but could be 
identified by serological methods, The A type formed larger capsules visible by' 
light microscopy. 
E,coli type 27. The acidic polysaccharide fron this strain contained four sugars; 
D-glucuronic acid, D-glucose, D-galactose and L-fucose in equimolar proportions 
(Jann et al., 1968). O-.Acetyl groups were also detected. Acid hydrolysis yielded.. 
a number of charged oligoaaccharides but no neutral oligosaccharides. On the basis , 
of methylation, periodate oxidation and other data, a tetrasaccharide repeating unit 
was suggested (fig, 7), but the site of the O-acetyl groups was not determined. 
The native polysaccharide was  
4 ( Gic 1 - 3 G1cA 1 -4 3 Fic 
Gal 	 Pig. 	
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considered to have a high molecular weight which was reduced to about 10,000 by 
alkali treatment. This led to the suggestion that chains of about 140 repeating 
units were linked through ester bonds between the hydroxyl groups of monosaccharides 
and the carboxyl groups of glucuronic acid residues. 
E.coli type 30 . Another E.coli capsular polysaccharide was also an acid 
macromolecule which contained D-glucuronic acid, D.-galactose and D-inannose in the 
molar ratio 1:1:1 (Hungerer et al., 1967). Although acetate was present, the molar 
ratio was less than one, indicating either that not every repeating unit was 
acetylated or that some of the labile 0-acetyl groups were lost during isolation and 
purification of the polysaccharide. The repeating unit proved to be a trisaccharjc3.c 
(fig. 8 ) 	It was again 
25. 
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fig. 8 
suggested that the polysaccharide was formed from linear subunits and had a molecula] 
weight of about 150 9000. Because of the lability of the mannosidic bonds in the 
polymer and the relative stability of the aldobiouronic acid 3-0--D-glucuronosyl-D-
galactose, partial acid hydxolysates of type 30 material were unusual in yielding a 
single product, the aldobiouronic acid, No other oligosaccharides were isolated. 
E 0 coli type 42. Another simple, trisaccharide repeating unit was found in type 
42 E.coli exopolysaccharide (Ørskov et al., 1963; Jarin et al., 1965).' This polyme2 
contained galactu.ronic acid, galactose and fucose. On the basis of chemical stu&ie 
on the polymer, a repeating unit structure was deduced (fig. 9 ). As well 
- C3 Gal 1 	3 G1cA 1 -3 2 Puc 1 _7 
Fig.9 
as sugars, 0-acetyl groups (6.4% of the dry weight) were present in this polysaccha-
ride0 Probably because of the structure of the aldobiouronic acid, serological 
cross-reaction with Diplococcus pneumoniae type I capsular polysaccharide occured 
(Heidelbergeret., 1968). 
These three E.coli capsular polysaccha.rides, all of the A-type, thus have fairly 
simple repeating units composed of 3-4 mono-saccharides and all were acetylated.. 
Much more complicated polymers were found when two of the B-type polysaccharides were 
examined. E 0 coli type 85. This was an acid macromolecule containing glucuronic 
acid, mannose, N-acetylglucosamine and rhamnose in a molar ratio of 1:2:1:1 
(Jann et al., 1966). A number of oligosaccharides were obtained by partial acid 
hydrolysis and on the basis of their structure and other data, a pentasaccharide 
repeating unit was proposed (fig010 ). Later work (Heidelberger et al., 1968) 
indicated, that the structure might be even more complex and 
-' 2 or 4 (G1cA 1 ---> 2 or 6 Man 1 -> 3 Man. 1 - 3 GlcNAc - 
Bha 
Fig. 10 
thus account for a very strong cross-reaction with antisera to type II and type V1 
Diplococcus pneumoniae polysaccharides. 
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Another E.coli exopolysaccharide of unknown type contained rhamnose, galactose, 
glucosamine, glycerol and phosphate, but these components were also thought to be 
present in the cell wall lipopolysaccharide of the same strain (Jann et a169 1970)0i 
It was suggested that a similar structure existed in both the lipopolysaccharid.e and 
the exopolysaccharid.e. Whether this is indeed so, or whether the "exopolysaccharith 
represents an extracellular secretion of incomplete lipopolysaccbaride, remains to 
be established, 
"Colanic acid"0 It was long thought that a polysaccharide was produced which was 
common to many species in the bacterial family Enterobacteriaceae. The initial 
serological observations of Kauffmann (1935, 1936) were confirmed and extended by 
Henriksen (19499 1950). Further work (Anderson, 1961; Anderson and Rogers, 1963) 
indicated that many strains of Salmonella or Escherichia could form a slime poly-
saccharide when cultured under suitable conditions. It was also known that mucoid 
mutants could be obtained from E.coli strain K12 (Beiser and Davis, 1957) 	A 
similar polysaccharide was isolated from another E 0 coli strain along with a type-
specific capsular antigen (rskov et al., 1963) which was serologically and chemical: 
distinct. Goebel (1963) applied the name "colanic acid" to the slime and observed 
that it contained 30-34 fucose, 33-34o galactose, 16-17% glucose and 17-20% 
glucuronic acid. It was also confirmed that antigenically similar material could 
be isolated from mucoid mutants of E.coli K12 (Sapelli and Goebel, 1964). Material 
of the same chemotype was obtained from Aerobacter cloacae strains and, along with 
other colanic acid preparations, served as substrates for a group, of phage-induced 
enzymes (Sutherland and Wilkinson, 1965). The control of colanic acid synthesis hai 
been the subject of a number of studies (e.g. Kang and Markovitz, 1966; Grant et a1. 
1969) which showed that, with the exception of strains which have a defect in a gene 
coding for an enzyme responsible for synthesis of a portion of the molecule,- all 
E.coli K12 strains possess the genetic ability to synthesise colanic acid. Althougl  
strains were normally non-mucoid, under suitable conditions polysaccharide synthesis 
was induced in numerous Salmonella 'species' and E.coli strains 0 In all cases the 
polymer proved to contain the same monosacchari4es and acted as a substrate for 
phage-induced enzymes, - Despite the large number of studies on colanic acid, its - 
structure was for long neglected. Partial acid hydrolysis of the E.coli' capsular 
polymer yielded two charged oligosaccharides, one of which was identified as the 
aldobiouronic acid, -D-glucuronoeyl 1 	3 D-galactose (Roden and Markovitz, 1966).1 
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Re-examination showed that three preparations from E.coli. A.cloacae and 
Salmonella ty-phimurium, each contained the four sugars already mentioned, together 
with acetate and pyruvate (Sutherland., 1969). The presence of the polysaccharide 
constituents in an approximate molar ratio of fucose:galactose:glUCOSeglUcUrOfliO 
acid:acetate:pyruvate, 2:2:1:1:1:1, indicated the possibility of hexasaccharide 
repeating unit which was both acetylated and pyruvylated. Methylation and base-
catalysed fragmentation indicated that the pyruvate was present as a ketal forming 
4,6-0(1' _carboxyethylidene)_Da1acto8e (Lawson et al., 1969). The overall result 
confirmed that the basic structure was a hexasaôcharide (fig. il) which was 
constructed as a trisaccharide branch on a trisaccharide portion of a linear chain 
composed of residues of glucose and fucose. The position of the acetyl group 
remained ambiguous despite the recent isolation of the repeating unit by .enzymic.  
hydrolysis (Sutherland, unpublished results). Further studies showed that, althou 
the carbohydrate composition of cblanic acid from a number of E.coli and 
S. typhimuriuln strains was constant, variations occurred among the non-carbohydrate 
constituents (Garegg et al.t 1971a and b). Thus, one strain of Salmonella produced 
a polysaccharide lacking acetate, while all other preparations were acetylated onth 
non-branching fucose residue. The greatest variations were in thesubstituents on 
the terminal galactose residue. In two mucoid mutants of S.typhimurium of common 
parentage, the polysaccharides contained a 3,4-0-ethylidene group and a 3,4-0-
carboxyethylidefle group respectively. In all, 6 out of 9 preparations tested 
contained a 4 9 6.-0_carboxyethylidefle group, while one polysaccharide was unusual in 
containing a. methylene group linked to positions 4 and 6. The various structures 
detected are shown in fig.. 1 2 a-d. 
From these results, it is clear that, at least in the strains exunirie, it is 
possible for a number of dissimilar bacterial strains to synthesise an exopolysacch 
ride of similar if not identical carbohydrate structure. The polymer does, however 
show considerable variation in the non-carbohydrate residues present, both in regard 
to the nature of )these residues and to their position on the carbohydrate entities. 
It is unfortunate that so far, no extensive studies have been made on the modifica-
tions to polysaccharides from strains of common ancestry. 
Kiebsiella aerogenes and K.pneumoniae. All strains of Kiebsiella are mucoid and ir 
many cases large amounts of capsular polysaccharides are formed. Like the polymerE 
from the closely related E.coli several of thestructures have been determined and 
have shown that, unlike most other bacterial general, the type of extracellular 
polymer is remarkably uniform. Pew contain more than three sugars (table ) and 
those in which the structure has been completely determined, possessed tetrasacchar 
repeating units. 
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• Type 1. The monosaccharides in this exopolysaccharide were identified as fucose, 
glucose and glucuronic acid (Eriksen and Henriksen, 1959)  but more recent work has 
shown that pyruvate is also present (Dudman, unpublished work). The polymer is 
unusually susceptible to alkali and is unaffected by periodate (Barker et al., 1963) 
This was interpreted as being due to the predominance of (1-4'3) linkages between 
the sugars. One observation which appears unusual was that some glucuronic acid 
was released on mild acid hydrolysis (O.OlN H 2SO4 at 800  for 30 mm.). This would 
seem to indicate that at least some. of the glucuronic acid in the polymer occurs 
linked in a manner different from the normally acid-resistant aldobiouronic acids. 
Alternatively, if electrophoretic separation was used, a pyruvylated fragment might 
have been mistaken for glucuronic acid. A number of oligosaccharides have been 
isolated from the polymer produced by strain Al, by partial acid hydrolysis and by 
autohydrolysis (Sutherland, unpublished results). Several of these were found to 
contain py-ruvate but their complete structures have not yet been determined. 
Type 2. The monomer constituents of this seroty-pe were shown to be mannose, gluco 
and glucuronic acid (Barker et al., 1958). 0.4 the basis of methylation, periodate 
oxidation and oligosaccharide sequences, it was suggested that the exopolysaccharidE 
contained a large "repeating, unit" containing about 40 monosaccharides. By contra 
examination of material from four different strains showed that each contained a-- 
• relatively simple tetrassacharide repeating unit (Gahan et a]., 1967) (flg.t 3 
The availability 	 -. 
C-ic a 	(fl.c I 	4, Man I - ] 
cL-dcA 
of a phage-induced enzyme (Watson, 1966) depolymerising type 2 Kiebsiella polysacch 
rides permitted a further study of their structures. A preliminary examination 
(Sutherland, 1971b) showed that different polysaccharide preparations contained:." 
acetate, formate and, in One case, pyruvate. All acted as substrates for the phagE 
induced enzymes as well as for similar enzymes from type 54 Kiebsiella strains.. 
The hydrolysis products differed, depending on the polysaccharide composition, but i 
each case a tetrasaccharide with the same carbohydrate structure as the repeating 
unit-of the polysaccharide was isolated. These oligosaccharides were either 
formylated, acetylated or pyruvylated and their properties varied with the differeni 
substituents. All the type 2 polysaccharides contained formate, but three distinci 
types were distinguished - i) contained formate only; ii) contained formate and 
acetate and iii) contained formate and pyruvate. The preparations in the first 
group appeared to possess formate uniformly distributed on the polymer, as a single 
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formylated tetrasaccharide was found in enzymic digests. The second group of 
type 2 exopolysaccharides were also uniformly acetylated and formylated, as enzymic 
hydrolysis only yielded.one.tetrasaccharide composed of the same monomers in the 
sane molar ratio as the polysaccharide. The single polymer which contained formate,  
and pyruvate was unusual in that enzymic hydrolysis produced equal amounts of two 
tetrasaccharides, one of which was formylated and the other pyruvjlated. The 
formylated oligosaccharide was indistinguishable from that isolated from the other 
type 2 polysaccharides. It is therefore probable that the polymer is composed of 
tetrasaccharide repeating units which are alternately formylated and pyruvylated. 
There is some similarity to a Kiebsiella aerogenes type 54 strain in which alternate 
tetrasaccharides are acetylated (Sutherland and Wilkinson, 1968). 
Ty-pe 3, The polysaccharideS from six type 3 Klesiella strains all contained manno 
galactose and galacturonic acid (Eriksen, 1965a). Although the complete structures 
were not elucidated, the results indicated that the polymers probably contained a 
relatively simple repeating unit in which there was an aldobiouronic acid contar'ing 
galacturonic acid and mannose. The polymers from type 3 strains classified as 
Kiebsiella ozaenae, K.pneumoniae, K. rhinos cleroxnatiS and K.aerogenes proved to be 
serologically indistinguishable (Eriksen, 1965b). 	. 
Type 8. The component sugars of.,a type 8 exopolysaccharide were identified as 
glucose, galactose and glucuronic acid in the molar ratio 1:2:1 (Du dman and. 
Wilkinson, 1956). On the basis of periodate oxidation, carboxyl reduction and. 
partial acid hydrolysis, the tetrasaccharide repeating unit (fig. 14.) was proposed 
(Sutherland, 1970b)*' 	 . 	 .: 
- 	D-Gal 1 3 D.-Gal I - 3 
Gb. 1 -7 - 
D-G1cA 
Pig. 14. 
No acetyl, forinyl or pyruvyl residues were found in the preparation examined. 
Recent studies (Sutherland, unpublished work) on a number of other Klebsiella type .e 
strains, showed that the exopolysaccharide from one contained acetate and pyruvate - 
the others were devoid of acyl groups. The pyruvylated sugar was galactose and, 
as it could be obtained by mild acid hydrolysis, it was concluded that it did not 
form part of the aldobiouronic acid. From the chromatographic mobility of the 
carboxyethylidefle galactose in a number of solvçnts (Sutherland, 19711 it appeared 
to be identical with 3,4 (1I_carboxyethylidenegalactose). If this observation is 
correct, it implies that the carbohydrate structure of the plysaccharide must d.iffex 
slightly from that previously reported for K.aerogenes type 8 (strain A4) 
(Sutherland, 1970b) in at least some of the glycosidic linkages. 
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K.aerogenes type 54. Studies using the A3 strain of this serotype showed that the 
slime and capsular polysaccharides had the same chemical composition, which was 
unaffected by the carbon source in the growth medium (Wikinson et al., 1955; 
Aspinall et al., 1956). It was thought to be a highly branched polymer containing 
10o fucose, 27% glucuronic acid and 40 glucose. A re-examination of the polymer 
by Sandford and Conrad (1966) using improved methylation and other procedures 
indicated that fucose, glucose and glucuronic acid were present in the simple molar 
ratio 1:2:1. The presence of a tetrasaccharid.e repeating unit (fig.15) was later 
confirmed (Conrad et al., 1966). This structure was complicated by the presence 
of acetate first indicated from serological properties of the polysaccharides 
(Davies et al., 1958) and later confirmed by analysis (Sutherland, 1967; Sutherland. 
and Wilkinson, 1968), and of formate (Sutherland, 1970b). Enzymic hydrolysis 
produced equal quantities of two tetrasaccharides, both of which contained formate 
and one of which was acetylated. The isolation and characterisation of an 
octasaccharide which could be further hydrolysed to the two tetrasacchar ides indicate 
that every alternate tetrasaccharide repeating unit was acetylated and that formate 
was present uniformly on each tetrasaccharide. Although the positions of the 
acyl groups were not identified, the isolation of trisaccharides (scheme I ) showed 
that they were not attached to the terminal non-reducing glucose residues. 
Examination of the products of enzymic hydrolysis of several other type 54 exopoly-
saccharides (Sutherland, unpublished results) showed that all the polysaccharides 
were formylated. Acetate was absent from some of the gaysaccharides and was preseni 
on all the tetrasaccharides of other preparations. Pyruate does not appear to be 
present in this serotype. 
Another K.aerogenes exopolysaccharideS of unknown serotype was recently shown 
to contain a tetrasaccharide repeating unit of the same general form as those found 
in other capsular preparations from this genus (Yurewicz and Heath, unpublished .
Troy 
results cited by 	et al., 1971). The polymer contained. D-galactose, 
D-inannose and D-glucuronic acid in the molar ratio 2:1:1 • As with other preparatiox 
studied, the polysaccharide consisted essentially of a linear chain to which single 
monomer residues were attached. The structure (fig.1 6 ) was apparently free. from 
acyl substituents. 
- 	- GAL 1-4 3 	MAN 	1 - 3 
GAL _7 
Fig. 16 	 . 
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A number of Klebsiella polysaccharides were found to contain galactose, 
manriose, glucose and a uronic acid (table 6 ). In some preparations, the uronic 
acid was identified as D-glucuronic acid. Types 30 and 69 are known to cross-react 
with serotype 2 (Dr. I. j6rskov, personal communication) but the chemical structures 
on which the serological cross-reactions are dependent are not known. Neither of 
those two exopolysaccharides are hydrolysed by the type 2 polysaccharide depo].ymeras 
(Sutherland, unpublished results). 
It is clear that from the results obtained with serotypes 2, 8 and 54, as with 
colanic acid, numerous strains can synthesise. a polysaccharide with the same 
carbohydrate structure. The non-carbohydrate substituents such as acetate, formate 
and pyruvate are, however, dependent on the strain examined, showing a considerable 
degree of variation.' The exopolysaccharides of the genus Klebsiella which have 
received detailed study to date are remarkable that they all conform to a uniform 
general pattern, usually a tetrasaccharide repeating unit from which a trisaccharide 
forms a linear molecule with a side chain consisting of a single carbohydrate 
residue. The number and nature of the monomer constituents has also been much 
more limited than those that have been found in other bacterial genera which have 
received comparible study. 	 . 	. . 
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Miscellaneous bacterial exopolysaccharides from Gram negative species 
Despite the increasing knowledge of the structure of bacterial exopolysaccharide 
it is still not possible to predict their physical properties. Very few 
exopolysaccharicles, other than the dextran group, have been examined with a view 
to determining their actual or potential commercial use. A few polymers from 
diverse bacteria], genera are now being investigated to determine their suitability 
as replacements or substitutes for the traditional industrial polysaccharides such 
as starch and alginates. As yet, insufficient is known about their structure and 
physical chemistry to enable the production of tailor-made polymers for a particular 
purpose as can be done with dextrans and starches, but some knowledge of their 
structures is now available. 
Arthrobacter viscosus.' One of the few bacterial exopolysaccharides known to possess 
gelling, as opposed to pseudo-gelling, properties, is the polymer from A.viscosus 
strain NRRL B-1973* Solutions were shown to form a gel after autoclaving and 
cooling (Cadmus et., 1963). At certain concentrations, various salts promoted 
gel formation and the viscosity of the solutions was unaltered by heating in the 
presence of these salts. Despite these unusual properties, the chemical composition 
of the polysaccharide showed no unusual features. The components found were 
D-glucose, D-galactose and D-mannuronic acid in equimolar amounts (Jeanes et a],., 
1965). As well as the sugars, the polymer contained 25% acetate. Thus, almost 
2/3 of the available free hydroxyl groups possessed 0-acetyl - groups,, a higher 
proportion than in any similar polymer so fax examined. The only monomer in common 
with other gel-forming polysaccharides was D-mannuronic acid which is a major 
constituent of alginates, but the possibility of other common properties such as 
specific glycosidic linkages has not yet been reported. 
Xanthomonas campestris.' A second polysaccharide with gel characteristics resembling  
those of sodium alginateor other, commercial plant gums was isolated from cultures 
of X.campestris strain IRL.B-1459 by Jeanes et al. (1961). It resembled that of 
A.viscosus in the atypical resistance of its viscosity in solutions to heat and to 
salt effects. The viscosity of solutions was enhanced by monovalent cations at 
neutral pH values. Although 0-acetyl groups were present, their removal did not 
affect these properties. The polysaccharide contained D-glucose, D-uiannose, 
D-glucuronic acid, acetate and pyruvate in the approximate molar ratio 
2.8:3.0:2.0:1.7:0.6. (Sloneker and Jeanes, 1962). Graded acid hydrolysis released 
one mole of Inamlose and eventually several charged oligosaccharides, the-major-one 
being an aldobiouronic acid 2_0__D_glucuronosyl-D-maflfloBe. Smaller amounts of. a 
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trisaccharide and a tetrasaccharide were also isolated. These both contained the 
aldobiouronic acid together with one and two moles of glucose respectively. 
Further studies (Sloneker et al., 1964) using periodate oxidation and other technicp 
led to the suggestion that the polysaccharide consisted of a structure with 'a 
repeating unit of 16 monomer residues (fig. 17)0 Most of the polymer. was thought 
to be a linear molecule of glucuronic acid, mannose and glucose residues to whih 
were attached other man-nose residues, 0-acetyl groups and the pyruvate ketal. :If 
this structure is correct, it indicates the possible involvement of a highly comple 
biosynthetic system. 
Azotobacter species. A.vineland.ii normally produce exopolysaccharid.es in laboratoi 
culture, but shows some variability as to whether discrete capsules or slime are 
produced. The polymers were thought to contain various sugars depending on the 
strain studied. Cohen and Johnstone (1964) reported the presence of glucose, 
rhamnose and galacturonic acid as well as a lactone resembling mannuronolactone in 
some of its properties. The galacturonic acid was the major component of the 
polymer, as identified by colourimetric assay. Acetate was also found in several 
preparations. An unconfirmed report (Claus, 1965) suggested that polysaccharides 
from several A.vinelandii strains contained rhamnose and a keto acid, which was 
reactive in the thiobarbiturate assay. It was identified as 2-keto-3-deoxy-
galactonic acid on the basis of its chromatographic behaviour, oxidation and reduc-
tion products. It was preferentially released from the polysaccharide on mild 
acid hydrolysis. 
Several exopolysaccharide from strains of Azotobactr agile, A. vinelandii 
and A.chroococcuin have also been examined. It was suggested that, unlike most othe 
bacterial exopolysaccharides, their composition varied with the culture medium, in 
particular with regard to the presence of fructose in thepolymers (Zaitsevaet al. , 
1959). . Glucose was present in all preparations as a major component, while 
rharnnose was also detected. Although traces of other sugars were identified on 
the basis of their chromatographic mobilities, the possible presence of uronic acids 
was apparently not considered. It is, however, probable that these polymers were 
similar to those described by Cohen and Johnstone (1964). An extracellular 
polysac haride from Azotobacter ind.ica (Beijerinckia indica) was examined, by 
Quinnell et al. (1957) and was initially thought to contain D-glucose, D-glucuronic 
acid and a heptose in the molar ratio 3:2:1. Later the polymer was subjected to 
methylation and period.ate oxidation and it apparently contained a taccharide 
repeating unit composed of glucuronic acid, glucose and D-glycero-D-'mannoheptose 
(Parikh and Jones 9 1963) 
Fig. (-O'-D-GlcA (1-01 3) O-D-Glc (1")2) O-D-glycero-D-mannoheptose -J 
3 0 
A further preparation studied by Haug and Larsen (1970) resembled this A.indicam 
polysaccharide in containing the same neutral sugars, but lacked D-glucuronic acid, 
It was replaced by L-guluronic acid, identified by its optical rotation and other 
properties. Acetate was also present. 
The exopolysaccharide from another A.vinelandii strain differed from those 
described earlier from this bacterial species by its close similarity to alginic 
acid (Gorin and Spencer, 1966) 	It was a polyuronide in which D-mannuronic acid 
was the major component and lesser amounts of L-guluronic acid and acetate were also 
found. The kinetics of periodate uptake were very similar to those for alginic 
acid from Laminaria species. The mannuronosyl residues were linked together 
through the 4 position and the only appreciable difference from the algal polymer 
was the higher mannuronic acid/guluronic acid' ratio and the presence of acetate. 
These particular results were extended by the report from Larsen and Haug (1971)  on 
alginate-like polysaccharides from three further strains of A.vineland.ii. A 
fractionation procedure was adopted to separate the uronic acid-containing poly-
saccharide from polymeric material which contained glucose and protein. The ratio 
of mannuronic acid to guJ.uronic acid in all three preparations was very similar 
(c0 0,56), while the acetyl content was calculated as one per five uronic acid; 
residues. When partial acid hydrolysis was applied in a manner analagous to that 
used for seaweed alginate, it appeared that each polymer contained sequences of each 
uronic acid i.e.: sequences of contiguous D-mannuronic acid residues separated from 
similar L-guluronic acid sequences by portions of the molecule in which the two 
types of monomer alternated. These structures are very similar to those described 
for other alginate preparations, although minor differences between the three 
Azotobacter exopolysaccharides were observed. In view of these results, some of 
the earlier reports of other monomer constituents in the exopolysaccharides from 
Azotobacter species may have been due to degradation products or to other artefacts 
and should be re-evaluated. Another important feature of the Azotobacter alginate 
is the characterisation of an exopolysaccharid.e which apparently is not formed from 
identical blocks of repeating units but which is a linear molecule with differing 
structure on different portions of the polymer. Associated with this feature was 
the isolation of an extracellular enzyme capable of modifying the polysaccharide 
structure (Haug and Larsen, 1971)0 The implications of this are considered with 
other work on exopolysaccharide biosynthesis (vide infra). ,  
Psoudomonas species" 	production of polymers resembling alginic acid is not 
confined to a single bacterial genus. Linker and Jones (1964) isolated a mucojd 
gram negative bacterium from a case of cystic fibrosis and identified it as a 
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Pseudomonas species. The polysaccharide hydrolysate resembled hydrolysates of 
alginic acid, containing mannuronic acid as the major component, together with 
guluronic acid and the two corresponding laotones. Infrared spectra of the 
polysaccharide closely resembled those obtained from sodium-alginate and both 
polymers were susceptible to an ikiducible "alginase" prepared from a yellow-pigxnçnted 
bacterial strain. Comparison with similar preparations from other mucoid. 
Pseudomonas isolates revealed one polymer containing mannuronic acid only, and others 
in which the molar ratio of mannuronic acid to guluronic acid ranged from 4:1 to 
20:1 respectively. In a commercial sodium alginate, the ratio was 5:2. The initia 
preparation method used alkaline extraction with consequent loss of 0-acetyl groups, 
Omission of this preparative stage gave a product containing 9-11% acetate, which 
was much more resistant to. digestion with the bacterial alginase. 
A further examination of mucoid Pseudomonas aeruginosa strains (Carlson and 
Matthews, 1966) confirmed that the exopolysaccharides secreted by these bacteria 
were poly-uronic acids in which the principal monomer component was D-mannuronic acid. 
Varying amounts of L-guluronic acid were detected. The identities of the uronic 
acids were further confirmed by esterification g reduction and characterisation of the 
methyl esters. Unlike the production of "colanic acid" by various species of' 
Enterobacteriaceae most of which are sufficiently closely related to permit genetic 
compatibility, "alginic acid" production appears to be a feature of bacterial genera 
which are not at present considered to be closely related. Thus, the dissimilarity 
of the genera Azotobacter and Pseudomonas is indicated by their respective DNA base 
compositions of 56,/7o' and 64% guanine + cytosine relative to total bases. By 
comparison, the bacterial strains which excrete colanic acid, all belong to a group 
with 50-55% guanine + cytosine. 
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Gram Positive Species 
Diplococcus pneumoniae (Pneumococcus). 
Although a number of genera of grain positive bacteria produce 
exopolysaccharides few have been extensively studied. Due mainly to their 
medical importance and to the pioneering studies of Griffith (1926) on bacterial 
transformation, a considerable amount of information about pneumococcal 
polysaccharides has been obtained. The polysaccharides show a much wider range 
of monosaccharide and other components and of structure than does the Klebsiella 
group, although so fax the structures of only a few serotypes have been 
completely established. 
Type 1 	The capsular polysaccharide of this strain was one of the first such 
polymers to receive a considerable degree of chemical and inununochemical 
investigation. Both 0-acetyl and D-galacturonic acid residues were present 
and immunologically important (Avery and Goebel, 1933; Heidelberger etal., 
1962). Further studies (Guy et al., 1967) identified both glucosamine and 
galactosamine as polysaccharide components. The presence of D-glucose, earlier 
tentatively identified, was confirmed, but no galactose was found. Although 
the complete structure of D.pneumoniae type I exopoiysaccharide has pot yet been 
elucidated, part of the structure was considered to be a trisaccharide sequence: 
-D.-galactu.ronosyl -( 1-4 3) - glucosaminyl - (i --- 3) galactur-
onosyl - 
Type II. This exopolysaccharide contained L-rhamnose (48%),  D-glucose (35%) . 
and D-glucuronic acid (16%) (Barker et al. 9 1965). From methylation studies, 
it was concluded that the L-rhaninose was linked through positions 1 and 3, while 
the D-glucuronic acid was - linked at positions 1 and 4 as well as occurring as 
the non-reducing terminal residue. The D-glucose was involved in 1, 4, 6 
branch points. A p-linked trisaccharide, isolated by enzymic -hydrolysis 
contained only L-.rhamnose. The application of sequential enzyme induction 
revealed further facets of the structure not detected by earlier studies 
(Barker et al., 1967) . The trisaccharide sequence -L-Rha (1 -4  3) ? -L-Rha 
(1 '3) a-L-Rha - .... was attached to the remainder of the exopolysaccharide 
molecule by an a 0 - 4) linkage. On the basis of these and other results, 
a complex repeating unit structure was postulated for the polymer (fig. 18). 
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Type Ille This polymer possesses the simplest laiovm repeating unit found in a 
bacterial extracellular heteropolysaccharide0 In a series of studies, Goebel and 
his colleagues (Hotchkiss and Goebel, 1937; Adams et al., 1941; Reeves and Goebel, 
1941) found that the polymer was composed of D-glucose and D-glucuronic acid 
forming a disaccharide repeating unit which is a polymer of cellobiuronic acid 
(fig019 ) and is, as already mentioned, the substrate for a hyd.rolase produced by 
a Bacillus species. 
- -D- G1cA (1--9 4) 	.D_Glc=71_ 
Fig. 19 
Type V01 The capsular material of this serotype proved to contain a more complex 
pattern of sugars, Acid hydrolysis of the purified polymer released D-glucose, 
D-glucuronic acid and two amino sugars .. L-fucosamine (2-amino-2-6 d.ideoxy-L-galactos 
azid L-pneumosamine (2-amino 2 9 6 dideoxy-L-talose) (Barker et al., 1960) 
Although acetate was present, this formed part of N-acetylamino sugars and not 
0-acetyl groups. By the use of methylation studies and period.ate oxidation, some 
structural details were determined by Barker 	(1966), A disaccharide repeatin 
unit of 3_0_D_glucuronosyl_N_acetyl-L-fUcoSamifle was found, to which were attached 
residues of D-glucose and N-acetyl-L-pneumosamine0 
D.pneumoniae type VI polysaccharide is one of a group which contained ribitol 
phosphate. Unlike many other such polymers, the only other sugars present were 
the neutral hexoses D-glucose and D-galactose and the methylpentose L-rhamnose 
(Rebers and Heidelberger, 1959, 1961) 	On the basis of chemical analyses and other 
techniques, a simple tetrasaccharide repeating unit was proposed (fig.20 ). 
r2-0-a-D-Gal (i— 3)-O-a-D-Glc (i- 3) O-a-L-Iha (1 4 3) - 
-Ribitol 1 Or 2 -O-P-O 7 
Fig. 20 	 . 	 c('bica 
Types XIA and XVIII0 Exopolysaccharides of these serotypes are among several which 
contain glycerol phosphate residues (Shabarova et al., 1962) and thus bear a super-
ficial resemblance to the teichoic acids which are of widespread occurrence in the 
cell walls of grain positive bacteria. Type XIA contains in addition, D-glucose, 
D-galatose and acetate (Kennedy et a]., 1969) 	The molar proportions of D-glucose, 
D-galactose, glycerol, phosphate and acetate were 2:2:1:1:2 A partial structure 
for thepolymer, based on the results of periodate oxidation and alkaline hydrolysis 
was outlined (fig. 21. .). 
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In a series of studies on D0pneumoniae type XVIII capsular material (Markowitz 
and Heidelberger, 1954; Estrada-Parra et al., 1962;  Estrada-Parra and Heidelberger, 
1963) a sugar composition showing some similarities to type XIA was noted, 
D-Glucose, D-galactose, L-rhamnose and glycerol phosphate were detected along with 
0-acetyl groups. Treatment with alkali removed the glycerol phosphate but left 
the sugars intact. As a result, it was concluded that the polymer contained a 
linear chain of neutral sugars to one of which was attached the glycerol phosphate, 
On the basis of the chemical and immunocheini-cal studies the main chain of 
D.pneumoniae type XVIII polysaccharide may consist of one of two possible structures 
(fig. 	a,b). 
/:3_D-Gal 0 4)  -a-D-Glc (146)-D-Glc (1 -*3)-L-Rha (14)-D-Glc 1=7 
or 
3-D-Gal (i- 4) -D-Glc 0 - 3)-L-Rha (i --> 4) -a-D-Glc (i --/ 6)-D-Glc 1 :7 
Although the sugars and other components present in a number of other 
,D.pneumoniae exopolysaccharides have been determined (table 7 ), in most other 
serotypes no attempt has been made to determine what repeating units, if any, are 
present in the polymers. It is clear that this group of capsular polysaccharides 
are exceedingly heterogenous with regard to their monomer components, containing a 
number of sugars and other substances not previously found in exopolysaccharides0 
Care should probably be taken in assessing some of the results, as contamination of 
capsular polysaccharide preparations with other polymers has been observed and a 
cell wall polysaccharide from D.pneumoniae (Pneumococcal C polysaccharide) is known 
to contain among other substances N-acetylgalactosamnine phosphate (Gottschlich and 
Liu, 1967). A large volume of data on the inirnunochemical relationships of 
pneumococcal polysaccharides has been -a-massed. This was reviewed by Heidelberger 
(196) who showed that there were serological cross-reactions between different 
D.neumoniae polymers and with a number of other polysaccharides of bacterial and 
plant origin. The chemical sixnilarties known in some of these polymers accounted 
for some of these serological relationships, while others could only be postulated, 
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Enzymes and Precursor. 
The importance of sugar nucleotides as glycoside donors for the synthesis 
of most polysaccharides and glycan-containing molecules has been known for 
many years. The first of these compounds to be - isolated and characterised by 
Caputto et al. (1950) was UDP-glucose. Along with many other such compounds it 
has since been shown to function in, among other systems, exopolysaccharide syn-
thesis. As well as their direct role in providing the sugars for transfer to 
form polymers, the sugar nucleotides provide a mechanism for synthesis of 
particular types of monosaccharides. This is seen in the conversion of 
UDP-glucose to UDP-galactose by UDP-galactose-4 -epimerase and in the formation 
of GDP-fucose from GDP-mannose by the two enzymes of the GDP-fucose synthetase 
complex. Many of these reactions are involved in the provision of sugars for 
other polymers in the cell, but the action of UDP-glucose dehydrogenase in the 
formation of glucuronic acid is normally specifically associated. with its 
provision for 
UDP-glucose 	 ----------- > UDP-glucuronic acid 
	
2 NAD 	2 LD.H 
exopolysaccharides. A comprehensive list of sugar nucleotides and their 
isolation from bacterial (and other) cells can be found in the review of 
Ginsburg (1964). 
It is obvious that in provision of the precursors for polysaccharide for-
mation, a considerable number of enzymes are involved. Some of these are 
concerned primarily with the catabolism of monosaccharide substrates but are 
equally important in the early reactions leading to sugar nucleotide synthesis. 
A scheme for the enzymes leading from a carbohydrate substrate to the synthesis 
of K.aerogenes type 8 exopolysaccharide (fig. 22). shows that out of a 
probable total of at least ten enzymes, six are specific to the processes 
of capsule formation. 
The enzymes responsible for synthesis of sugar nucleotides involved in 
capsule production were.studied in several strains of D.pneurnoniae (Smith et al., 
1957; 1959). Even in non-capsulate strains, high levels of sugar nucleotides 
were obtained, indicating that control was probably exerted at an early stage - 
in precursor formation and not at the sugar transferase level. Defects in 
enzymes responsible for sugar nucleotide formation led to failure to produce 
polymer. If an alternative monosaccharide is incorporated into the culture 
medium, synthesis of exopolysaccharid.e can sometimes be restored. Thus if 
galactose is a component of the slime or capsule, lack of the enzyme UDP-
galactose-4-epirnerase results in non-capsulate cells. 	Growth in galactose- 
containing media can, inE.coli and K.erogenes at least, circumvent the 
defect and restore capsulation. The same effect is. seen with mutants defective 
in U)P-giucosepyrophosphoryiase or phosphoglucomutase (Naval, 1969). In 
these species, a galactokinase and other enzymes permit the formation of 
Ti-DP-galactose and its epimerisation to glucose. In an analagous manner, 
growth in rnannose-containing medium renders phosphomannoseisomerase mutants mucoid.. 
The synthesis of sugar nucleotide precursors requires systems of varying 
complexity.. From glucose as the starting substrate, only three enzymes 
hexokinase, phosphoglucomutase and tJDP-glucose pyrophosphorylase, are required 
to produce UDP-glucose. On the other hand, fucose, a frequent component of 
bacterial exopolysaccharides, is transferred from GDP-fucose. This 
necessitates the formation of GDP-mam-iose, involving two enzymes of the GDP-fucose 
synthetase complex, as well as prior stages in the conversion of glucose to 
mannose. Most of the potential glycosyl donors and the systems by which they 
are synthesised are well recognised and further details can be found in the 
review by Ginsburg ( 1 964). Some gaps in our knowledge still remain, as 
nucleotide sugars containing several of the amino sugars recently discovered in 
Diplococcus pneumoniae polysaccharides have not yet been identified. 
The sugar nucleotides play a dual role in exopolysaccharide synthesis, 
as in the formation of other glycan-containing polymers. They provide a 
mechanism for sugar interconversion. This is seen in the formation of 
galactose and glucuronic acid as their TIDP compounds from glucose as DDP-glucose. 
Similarly, L-fucose is formed from D-mannose through the mediation of the 
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GDP-linked. sugars (Ginsburg, 1960). The second role of the sugar nucleotides 
is that of activating the monosaccharides. The simple sugars cannot be 
transferred directly to acceptors during polymer. synthesis. The nucleotide 
diphospho sugars with relatively high (negative) free energy of hydrolysis 
provide suitably activated monosaccharides. The free energy of hydrolysis of 
UDP-glucose is -7,600 calories and other sugar nucleotides probably give 
similar values. The only exopolysaccharides which are apparently not formed from 
activated glycosyl donors are levans and dextrans. Their synthesis requires 
the utilisation of sucrose or related oligo saccharides from which part of the 
molecule, fructose for levans and glucose for dextrans, is polymeri-seda Other 
extracellular homopolysacCharideS (see p. ) conform to the standard pattern, 
utilising sugar nucleotides 'as the glycosyl donors. 
In the same way that several of the enzymes of carbohydrate metabolism 
are essential for exopolysaccharide formation, the involvement of isoprenoid 
lipids or Glycosyl Carrier Lipid (GCL) demonstrated by Troy, eta. (1971) 
extends the range arid number of enzymes which must be considered. The C 55 
isoprenoid alcohol bactoprenol containing one saturated isoprene residue was 
identified in Lactobacillus casei (Thorne and Kodicek, 1966) where it was 
the major biosynthetic product from mevalonic acid. Recently complete synthesis 
of metabolically active CCL from A 3-isopentenyl pyrophosphate and farnesyl 
pyrophosphate was achieved (Christenson et al., 1969). Particulate enzyme 
preparations from Salmonella newingtOn formed a C 55 isoprenoid alcohol phosphate 
containing 11 unsaturated' isoprene residues. A soluble enzyme system yielded 
lipids of shorter chain length. Whether the bactoprenol isolated from L.casei 
serves the same function in vivo as GCL is not clear. Cytological studies 
(Barker and Thorne, 1970) indicated that it was almost all associated with the 
spheroplast membrane. This would be the expected site for synthesis of polymers 
found outwith the cell membrane. Insufficient is yet known about the synthesis 
of CCL and bactoprenol to determine whether enzymic defects in their synthesis 
are lethal and what secondary effects occur,on polymer formation. Conditional 
mutants should provide information on the effect of altered CCL synthesis on 
polysaccharide formation. We believe that a group of mutants (see p. ) showing 
temperature-sensitive (low temperature restrictive) polysaccharide synthesis fall 
within this category (Norval and Sutherland, 1969). 
As well as sugar nucleotides and GCL, a third type of precursor must be 
considered for exopolysaccharide synthesis. These are required for the acyl 
substituents commonly present. It is not yet clear what these precursors are. 
Formate might be added from a tetrahydrofolate compounds or from formyl CoA. 
Similarly, two possible donors for acetate are acetyl phosphate and acetyl C0A.. 
The latter is more probably involved as it is known to be the precursor for 
0-acetyl groups found in the lipopolysaccharide of Salmonella newington (Keller, 
1965). Transfer of acetate from acetyl CoA to oligosaccharides from Kiebsiella 
aerogenes type 54 exopolysaccharide was also noted (Sutherland and Wilkinson, 
1968). The most probable donor for pyruvate is phosphoenolpyruvate. Although 
polymers with the same carbohydrate structure but varying acyl groups have been 
studied, only one example has been reported where the bacterial strains were 
of common ancestry. In these strains, changes in the acyl groups present on 
colanic acid from Salmonella typhimurium were observed, one polymer being 
acetylated and the other not (Garegg et al., 1971.a). Thus a defect in the 
acetylase may still permit synthesis of a non-acetylated polymer. Whether this 
is also true for other polysaccharides and for other acyl groups has still to be 
examined. 
4.30 
-ii-Free _ Synthesis of Exopolysaccarides 
Several attempts have been made to study the synthesis of exopolysaccharides 
r cell fraction. The earlier work on these aspects. provided some information, 
it a real stimulus was obtained from the systematic studies on heteropolysaccharide 
rnthesis by Mills and Smith (1962) and their colleagues using Diplococcus 
ieumoniae preparations. The value of specific methods of assay, particularly 
nmunochemical and related methods, was recognised during these studies and also 
ri work on lipopolysacchaide synthesis but has not provided widely applicable in 
opolysaccharide studies, Only recently, following the recognition of the role 
f lipid intermediates as polysaccharide precursors in numerous systems, have 
urther developments been made with exopolysaccharide systems. The methods 
sed have the disadvantages of all work which necessitates the use of particulate 
nzyme preparations which cannot be separated into their active components. It 
hould also be recognised that in vitro results may not proceed in exactly the 
ame manner as is normal for whole cells. Few of the cell-free systems studied 
o far convert appreciable quantities of the substrates provided into polymeric 
aterial, when compared with the rates of polysaccharide synthesis by whole cells 
n culture or in washed suspension. It is therefore ,ppen to question whether the 
;lycosyl donors and other substrates used in such experiments are necessarily the 
ole compounds involved in the intact cells. At the same time s it should be 
emembered that preparation of the particulate enzyme systems necessitates 
Lisruption of what in the intact cell is a well ordered functional system for the 
ormation and supply of the polymer precursors and their transfer from aqueous to 
Jpophilic environments. 
omopolysaccharid.es Despite the large number of bacteria which secrete 
xopolysaccharides Levi cell-free systems have been studied and most of the work 
)n homopolysaccharides has been concerned with levan and dextran systems which 
ill not be considered here. Some of the results from studies on bacterial 
synthesis of cellulose by Acetobacter xylinum are particularly relevant in view 
f the recent discovery of the involvement of aipids in polysaccharide formation. 
44, 
aser (1958) prepared an insoluble enzyme system which catalysed the transfer 
glucose from UDP-glucose to polymeric material. The product was soluble in 
ter but insoluble in alkali. It was sensitive to cellulase and on-hydrolysis 
rmed the characteristic oligosaccharides obtained from cellulose. When the 
zyme system was pre-treated to remove endogenous polysaccharide, llod.extrins 
ctedas primers. It was of. particular interest that the glucosyl donor in the 
ystem was UDP-glucose in contrast to cellulose synthesis in green plants in 
hich GDP-glucose functions (Barr, et al.', 1 964). Another intermediate was 
iso detected in the A.xylinum system (Khan. and. Calvin, 1961a,b). 	Ethanol 
xtracts of the cells yielded a product which, in incubation with soluble cell 
taterial, formed. fibrils. These fibrils were insoluble in alkali and hyd.rolysates 
Lowed the presence of glucose. No further evidence for the involvement of lipid 
.ntermediates in bacterial cellulose synthesis has been reported. 
Synthesis of a glucan by Rhizobium japonicum was studied by Dedonder and 
assid ( 1 964). A particulate system was involved and incubation with 
rDP-glucose led to the formation of a product identical with the extracellular 
lucan. Optimal synthesis required the presence of Mg or Mn ions and a 
)H value of 7.5. The polymer closely resembled the material isolated from 
grobacterium species (Putman et al., 1950) in its high content (8c) of )3 1-2 
.inked glucose residues. Some of the glucose was also P 1-3 orB 1-6 linked. 
ieteropolysaccharides 	From the few exopolysaccharides which have received 
study as biosynthetic systems, most information has been gleaned from studies 
on Diplococcus pneumoniae and Klebsiella aerogenes. Using cell-free preparations 
from D. pneumoniae type III, Smith et al. (1960) obtained net synthesis of 
polysaccharide from UDP-glucose and UDP-glucuronic acid. The incorporation of 
the two sugars in a 1:1 molar ratio was comparible to that found in the native 
polymer, while the product, identifiable through the use of 14C-sugar nucleotides, 
was precipitable with antisera to type III pneumococcus polysaccharide. Attempts 
to-replace the UDP-sugars with glucose or glucose-1-phosphate were-unsuccessful. 
Further examination (Smith et al., 1961) showed that the enzyme complex had a 
for polymer formation at 320. 
In their absence, polysaccharide 
ifugation of the particulate enzyme 
30,000 and 1 15, 000 g, although 
light activity (less than 1011/0 was found in the supernatant solution. Perhaps 
ecause of the simple structure of the polymer and its requirements for only 
wo glrcosyl donors, in exactly eq,uimolar proportions, a very high proportionof 
~he sugars (90%) was incorporated into polymer under optimal conditions. 
nother feature of the system was a requirement for pre-formed polymer, which was 
Dresumably essential as an acceptor for the sugars. The dependence was highly 
specific, as the addition of pure exopolysaccharide had no effect. Stimulation 
)f polymer synthesis was noted following the addition of polysaccharide which had 
een depolymerised'by enzymic treatment (Smith and Mills, 1962a). After 
hromatographic separation of the products of enzymic hydrolysis and testing 
ragments of different size, it was concluded that oligosaccharides composed of 
3-12 disaccharide units were active as acceptors. The nature and role of such 
s.cceptors is' still not clear, as we observed (Sutherland and Norval, 1970) that 
K.aerogenes strain known to be defective in phosphoglucomutase, was unable to 
form polymer when cell-free preparations from glucose-grown cells were used and 
the appropriate sugar nucleotides supplied. Cells grown in galactose-containing 
nedia resembled wild type bacteria in their ability to form polymer. This may 
indicate that failure t form glucose-i-phosphate results in the inability to 
form some acceptor or primer molecule. On the otherhand, tTDP-glucose pyrophos-
phorylase-aess mutants showed normal polymer synthesis. In similar studies 
(Troy etal., 1971) UDP-galactose epimeraseless mutants also had normal 
polymer-sunthesising capacity, which apparently indicates the presence of suitable 
acceptors. 
In other polysaccharide-synthesising systems it has not always been clear 
whether the polymer produced by cell-free systems was of comparable size to 
that formed by intact cells. The polysaccharide from D. pneunioniae type III 
H optimum at 8.35 and an optimal temperature 
or full activity, Mg ions were essential. 
ynthesis was negligible. Differential cent 
reparation showed that it sedimented between 
i6. 
preparations behaved on immunoelectrophoresis in exactly the same way as the 
iative polysaccharide and it was therefore thought to be of identical molecular 
Neight. 
Attempts to obtain polymer synthesis in other D. Dneumoniae strains did not 
give as good incorporation of. sugars into polymeric material (Smith and Mills, 
1962b; Mills and Smith, 1962). 	In D. pneumoniae type I, addition of UDP- 
glacturonic acid and UDP-N-acetylglucOsamine to a particulate fraction obtained 
from a non-capsulate mutant yielded polymeric material precipitable by homologous 
antisera. Some synthesis occured. if UDP-galacturonic acid, alone was present in 
the incubation mixture, but it was not clear whether this was due to its addition 
to a pre-existing molecule or to the presence of some membrane-bound UDP-N-acetyl-
glucosaznine. D. pneumoniae type VIII preparations also showed polymer synthesis 
when the uridine diphosphate derivatives of glucose, galactose and glucuronic acid 
were added to particulate enzymepreparations but the incorporation of isotopically 
labelled glucose only reached 5% of the total available as TDP-glucose. Some of 
the glucose was epimerised to galactose, as investigation of the fate of the 
labelled sugar showed the presence of 14C glucose and galactose in hydrolysates 
of enzymically formed polymer. One unexplained result from these studies was 
the report that in type VIII preparations, some of the glucose from UDP-glucose 
was converted to anon-reducing compound thought to be a disaccharide, which 
produced only glucose on hydrolysis. This reaction was non-specific, being 
observed in several D. 'oneumoniae strains of different serotype. It was not 
clear whether this compound was in any way associated with exopolysaccharide 
synthesis and it may have been rather associated with some intracellular or 
cell-wall component. No further observations on its nature and function have 
been reported. 
The identification of lipid-linked intermediates in the biosynthesis of a 
number of polysaccharides or polysaccharide-like molecules containing repeating 
oligosaccha.rides has been well documented. These compounds, which have recently 
been termed glycosyl carrier lipids (GCL) in the review of the subject by 
Roth,field and Romeo (1971) were first identified as intermediates in the synthesis 
4.7, 
lipopolysaccharides (Wright et al., 1965; Weiner et al., 1965) and of 
ucopeptid.e (Anderson ..., 1965). 	Ethanol soluble compounds had already 
een recognised in bacterial cellulose synthesis (Khan and Colvin, 1961a,b). 
:t was to be expected that a role might also be found for GCL in exopolysaccharid.e 
ynthesis as these polymers resemble lipopolysaccharides and mucopeptides in 
;hree respects: 
.) they are composed of oligosaccharides polymerised into a linear macromolecule; 
i) they are found outwith the bacterial cell membrane; and 
.ii) the glycosyl donors are mainly found in the intracellular aqueous environment. 
he first report of the involvement of CCL in exopolysaccharide synthesis (Troy 
.nd. Heath, 1968) was followed by its subsequent identification on the basis of 
Lts mass spectrum (fig. 23) as an isoprenoid alcohol (fig. 2a, b) (Troy etal., 
1971). 	In its active form the terminal isoprenoid alcohol group is attached 
bhrough a pyrophosphate bridge to a monosaccharide. The compound is thus 
3imilar if not identical to that participating in the formation of the oligosaccharide 
repeating units of both the mucopeptide and lipopolysaccharide contuents of bacteria: 
ell walls (Rothfield and Romeo, 1971). It differs from the GCLs responsible for 
nannolipid synthesis and for certain modifications to lipopolysaccharide (in some 
Lysogenic bacterial strains) as these are linked to the reducing end of monosaccharide 
or oligosaccharid.es through a phosphate and not a pyrophosphate group. 
Using a strain of K. aerogenes which synthesised a polysaccharide with a 
tetrasaccharid.e repeating unit: 
- (Gal 1 —4 3 Man 1 —p 3 Gal) - 
2 
G1cA 
Troy et al. (1971) found that sequential transfer of sugars from nucleotide donors 
to CCL occurred. The sequence of reactions is: 
JDP-gal + GCL-P 	GCL-P-P-gal 	+ IJMP 
GCL-P--gal + GDP-man —GCL-P-P-gal-man - + (GDP) 
GCL-P-P-gal-man + TJDP-glca —>-GCL-P-P-gal-man-glca + (UDP) 
•GCL-P-P-gal-man-glca + UDP-gal --- CCL-P-P-gal -man-gal 	+ (UDP) 
Al 
glca. 
isolation and study of 'a series of mutants from another K. aerogene.s strain 
nthesising a tetrasaccharide repeating unit (Sutherland and Norval, 1970) 
)flfirmed these results 
- (Gal 1.—.3 Gal 1—)3 Gb) - 
G1cA 
he first reaction in the sequence for this train was: 
UDP-glc + GCL-P 	GCL-P-P-Glc + UMP 
his was shown by isolation of IMP from the reaction mixture and by its inhibitory 
ffect on glucose-1-phosphate transfer. 	Subsequently 2 moles of galactose were 
ransferred to the GCL and their transfer was partially inhibited by TIDP. 
[utants blocked at various stages of sugar to lipid transfer were isolated and 
haracterised (table 8). 	As in other 'forms of sequential transfer, as are 
Eound in lipopolysaccharide formation, failure to transfer one sugar 'led to non-
transfer of subsequent monosaccharides. Thus, mutants unable to transfer 
lucose-i-phosphate to the lipid phosphate failed to transfer galactose, and 
all such transferase-less mutants were unable to form polymer. One noticeable 
difference in this rpect from the lipopolysaccharide-synthesising systems was 
in the process for forming the monosaccharide side-chains. In the preparations 
used by Troy et al. (1971) the addition of the side chain (glucuronic acid) was 
a prerequisite for the addition of the second galactose residue. By contrast,' 
in the formation of the antigenic portion of Salmonella tyhimurium lipopoly-
saccharide, •;i trisaccharide mannosyl-rhamnosyl-galactose, is formed on the 
GCL and could be polymerised even in the absence of the side-chain sugar, which 
in this polymer was the 36 dideoojhexose abequose attached to the mannosyl 
residues (Osborn and Weiner, 1968). 
The lipid requirement for the exopolysaccharide enzyme system was demonstrated 
by the use of solvent extraction and careful reconstruction of an active complex 
(Troy et 2,1. 9 1971). The largest oligosaccharide identified as being attached 
to lipid was an octasaccharide .(i.ee two units of the polymer) and it is still 
19 
~ot clear how large a fragment is eventually accumulated on the lipid prior to 
transfer to an acceptor. In the only comparable system which has been studied, 
the antigen portion of •lipopolysaccharides (Kent and Osborn, 1968), the entire 
side-chain of about eight tetrasaccharide units attached to GCL was isolated from 
mutant strains unable to transfer it to acceptor proportions of the macromolecule. 
Unfortunately the acceptor molecule in capsule synthesis has not been identified 
and selection of mutants similar to these is not possible. It is however certain 
from the isolation of slime-forming mutants unable to attach the polysaccharide 
formed to the cell surface ( 	 '7ji1ci.nson et al., 	1951.. 	, Norval, 1969) that some 
specific site is involved. The possible disorganisation of this site during 
particulate enzyme preparation may account for the relatively low levels of 
polymer formed by cell-free systems. 
Of particular interest in the exopolysaccharide biosynthetic system is the 
role of the CCL vis a vis its function in lipopolysaccharid.e and mucopeptide 
synthesis. 	It is possible that there are slight anomeric differences between the 
GCLs which render them specific to the different systems which utilise them. 
The amount of GCL in bacterial cells is extremely low- a figure of 0.02% of the 
cell mass was suggested for that involved in lipopolysaccharide formation in 
Salmonella newington (Dankert et al., 1966) and of 40nniol/g. wet weight for the 
analagous compound in S. typhimurium (Kent and Osborn, 1968) while Wright (1971) 
indicated 10 5 molecules/cell as 'the value for glucosyl lipid in lysogenic 
Salmonella. 	The CCL from the K. aerogenes membranes (Troy etal., 1971) 
functioned in vitro in the biosynthesis of a mannan in Micrococcus lysodeikticus, 
while interchange between the mucopeptide and lipopolysaccharide-forming systems 
was earlier reported. In the growing cell, mucopeptide and lipopolysaccharide 
synthesis are assumed to occur simultaneously and would therefore require CCL 
at the same time. Exopolysaccharide formation could occur when there is no 
direct requirement for CCL in the other systems and certaihly occurs in non-growing 
cells. If the lipid were used first for the cell wall components, then for 
extracellular polymers, it might be expected that bacitracin, which prevents 
dephosphorylation of the GOL-pyrophosphate, would have an inhibitory effect on 
exopolysaccharide synthesis. In fact, 25% inhibition of transfer of sugars 
50, 
involved in exopolysaccharide synthesis' to lipid was observed (Sutherland and, 
orval, 1970) This may indicate that a portion of the GCL, normally utlised 
for mucopeptide synthesis, can function in exopolysaccharide formation. 
Other evidence comes from K.aerogenes serotype 2 (strain 243) in which galactose 
is absent from the exopolysaccharide but is the major component of the 
lipopolysaccharide (Koeltzow et al., 19 68). 	Addition of UDP-galactose to 
cell-free systems depressed the incorporation of glucose and mannose into GCL and 
exopolysaccharide (Sutherland, unpublished results). Thus, formation of 
galactosylated CCL appears to reduce the amount available for exopolysaccharide 
synthesis. Further support for the sharing of the CCL between the systems is 
seen in some recent results from our laboratory (Norval and Sutherland, 1969). 
A new group of mutants were isolated from three different K.aerogenes strains of 
different serotype. These mutants, mainly obtained after aminopurine mutagenesis, 
had cuus culture morphology, resembling the wild type at 
350 
 but pessing 
characteristic colony type at 30° and lower temperatures (figs.25,. In 




synthesis of both lipopolysaccharide and exopolysaccharid.e were normal but at 
200 on solid media, the amount of exopolysaccharide synthesised was reduced by 
approximately 75% and in liquid media by about .50%. At the same time, the 
lipopolysaccharide content was reduced by 50-60%. From these results, it is , 
probably that this type of mutant (CR mutant) involves a conditional fault in CCL 
synthesis. At the lowr temperature insufficient CCL may be available to enable 
all three polysaccharide-synthesièing systems to function and there may be 
priority for mucopeptide formation which is presumable essential for cell 
viability. In non-proliferating cells (washed suspension) grown originally at 
200, normal exopolysaccharide synthesis occurred and cell-free synthesis was 
also possible (Norval and Sutherland, unpublished results). This result, too, 
would fit with the concpt of CCL limitation, priority going to cell wall 
components in growing cells but lipid becoming available for eopolysaccharide 
synthesis when the cells were not growin g. These results do not however indicate 
51, 
hether the CCL limitation is due to reduction in the total amount or in the loss 
f one particular type functioning primarily in exopolysaccharide formation. 
pçIification of polysaccharide after synthesis. 
A recent paper (Haug and Larsen, 1971) presented, several features which were 
ot previously thought to occur in exopolysaccharide synthesis. In particular, 
;he discovery of an extracellular enzyine, a polymannuronic acid C 5-epmerase 
apab1e of modifying the polysaccharide after synthesis and extrusion from the 
ell, may be the first of a new type so involved. Such activity would only 
e expected  if the enzyme either required no coenzyme or the coenzvme was firmly 
)ound to the enzyme molecule. Further investigation of the extracellular 
pimerase should thus prove interesting in this respect. The result of the 
?nzyme action was to convert D-mannuronic acid, residues to L-guluronic acid in 
;he substrate polysaccharide (fig-27 ). The partially purified enzyme was 
lependent on Ca' ions for full activity. Their replacement by Na+  or Mg' 
ons had little effect in restoring enzyme activity, but partial reactivation 
ias obtained in the presence of Sr ++ ions. 	Various alginate preparations, 
ncludiig those of algal origin were used as substrates despite differing iritial 
ianrnironic acid contents. There may well be differences between the in vivo 
nd in vitro systems, especially with regard to the sequence of modifications on 
;he final product. An analagous system in which the products of cell-free and 
rho1e cell synthesis showed some differences was that involved in lipopolysccha.ride 
ormation. 
Examination of acylation of exopolysaccharides should prove intereing 
and fruitful in this respect, especially since the recent discovery of poly-
saccharides with various acyl modifications (Gareggetal., 1971b). 	It is 
possible that such polysaccharides are formed with a basic acyl group, probably 
pyruvate, ch could then be modified by enzymes found either extracellularly or 
in the periplasmic region. A comparible system was described byK:ellr(1965) 
involving the acetylation of some Salmonella lipopolysaccharicles. In this/ 
5 2 
3ystem, the donor was acetyl coenzyme A and various compounds acted as acceptors. 
£hese included de-acetylated lipopolysaccharicle, oligosaccharides, oligo  sac charide-
1-phenyiflavozoles and a number of compounds in which L-rhamnosyl (1__-3)-D-
galactosyl sequences were present. Surprisingly, the intermediate involved in 
Lipopolysaccharide synthesis L-rhainnosyl-D- galactosyl-phospholipid, was not an 
effective acceptor. 	This result, combined with the use of various mutants 
defective in complete lipopolysaccharide synthesis, suggested that, normally, 
acetylation might occur either on the complete lipopolysaccharide or at the stage 
of polymerised trisaccharide attached to the carrier lipid. If the exopoly-
saccharicle biosynthetic system is similar, acetyl coenzyme A from the cell 
membrane or the periplasmic space might again function as the acyl donor, while 
the enzymes involved might be part of the membrane or alternatively, some of the 
small molecular weight proteins discovered in the periplasm. The variety of 
acyl substituents so far discovered indicated the possibility of either a range 
of suitable donors or, more probably, a number of different enzymes capable of 
modifying a smaller number of added groupings such as acetate and pyruvate. 
i.e. 	PS 	+ 	(x)— 	PS - X 
or 
PS 	+ 	(A) —> 	PS - A 	-* 	ps - x 
modifying 
enzyme 
Preliminary experiments with a serotype 8 K.aerogenes strain in which the 
I exopolysaccharide contained acetate and pyruvate in addition to the normal 
carbohydrate structure (fig.11 ) showed that addition of the potential acyl 
,donors, acetyl CoA or acetyl phosphate and phosphoenolpyruvate did not stimulate 
transfer of sugars to lipid or polymer (Sutherland, unpublished results). 
From all these results, one can propose a generalised model for 
exopolysaccharide synthesis in bacteria. 
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In this model, almost all the functions are primarily associated with 
the bacterial cell membrane. Only the early stages innon-specific 
carbohydrate metabolism (in the 'example cited, those leading to TJDP-glucose 
formation), are intercellulal in location. All others are located at the cell 
membrane and suggest a high degree of localisation and regulation within the 
membrane. It is also clear that for the synthesis of any heteropolysacoharide 
capsule or slime a considerable number of highly specific enzymes are involved. 
This in turn implies that a significant portion of the bacterial genome is 
devoted to 	vision of the necessary genetic information. 
)fltrOl of Synthesis 
One can make an arbitrary division of the enzymes leading to exopolysac'charide 
brmation into several groups. 	 S 
) Enzymes such aslxokinase responsible for the initial metabolism of a 
carbohydrate substrate. 
) Enzymes involved in sugar nucleotide synthesis and interconversion. 
e.g. TJDP-glucose pyrophosphorylase, ITDP-.glucose dehydrogenase etc. 
) Transferases forming the repeating unit attached to GCL. 
) The translocases or polymerases forming the polymer. 
Possibilities exist for exerting control over polysaccharide synthesis at 
my of these four enzyme levels and mutants lacking enzymes of any group fail 
;o synthesise exopolysaccharide. The first group. being'involved in so many 
)ther cell processes cannot be involved in exerting any specific control and 
re generally found intracellularly. Insufficient is known about the, final group 
:0 consider them here. Theyare almost certainly particulate, as are the glycosyl 
:ransferases and some enzymes in the second group. Those enzymes which have 
oeen shown to exert control are the nucleotide phosphorylases. They were 
shown (Ginsburg, 1964; Bernstein andRobbins, 1965) to control the transfer of 
mono saccharides into polymer either through the 'base specificity of the sugar 
nucleotide or through negative feedback mechanisms operating at the level of 
enzyme action. The actual levels of these enzymes remains constant even in 
non-mucoid mutants of several of the exopolysaccharicle-synthesising strains 
examined. 	Exceptions are found, in E. coil and will be considered separately. 
In a study of synthesis of GDP-mannose and GDP-fucose (Kornfeld and Ginsburg, 
1966) a feedback inhibition mechanism permitted independent control of the rate 
of formation of the two sugar nucleotides from the same precursors. Such fine 
control mechanisms would obviously be extremely valuable to the cell in regulating' 
exopolysaccharide precursor formation, especially in those bacterial strains, such 
as some Salmonella species in which mannose is present in the lipopolysaccharide 
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I f the cell wall and fucose is found in colanic acid. 
An interesting example of the control of polysaccharide synthesis was seen 
n the observation of binary capsulation in 1)0 pneurnoniae (Austrian and 
ernheimer, 1959). Following transformation of a non-capsulated strain 
originally type III) with DNA from a heterologous capsulate (Type I) strain, 
. small number of binary capsulated colonies were detected. These produced a 
iormal amount of type III capsular polysaccharide together with a small amount 
)f type I polymer. Use of the DNA from the binary capsulated recombinants 
for the tranrmation of heterlogous (type II) non-mucoid strains produced three 
types of progeny - capsulate type I; non-capsulate type III; and binary type 
(I + iii) cells. 	No capsulate type III cells were detected. 	From these 
results, it was concluded that no repair of the type III genome had taken place 
and consequently no recombination of the type I DNA with the imperfect type III 
genome. 	It was assumed that the type I DNA coexisted with the non-capsulate 
genome, permitting the formation of some type I material from several of the 
precursors normally used for the type III polysaccharide. There are thus two 
parallel and interacting biosynthetic pathways in the binary cells (Fig. 	). 
Some of the binary capsulate recombinants were unstable and reverted to 
the non-mucoid type at high frequency (Bernheimer and Wermund.sen, 1969). The 
instability was thought to be caused by the type of mutation in the non-mucoid 
(type III) strains. The heterologous genetic material was probably integrated 
at least two loci, one of which was adjacent to the part of the recipient genome 
responsible for capsule eynthesis and the other some way from it. 
The production of colanic acid in the Enterobacteriaceae seems to possess 
a unique regulation mechanism. A regulator gene, designated cap R (Markovitz, 
1 964; Markovitz and Rosenbaum, 1965), was identified on the chromosome of 
E.coli adjacent to the pro locus (responsible for proline biosyithesis). 	It 
controlled several enzymes thought to be involved in colanic acid synthesis. 
These included UDP-galactose-4-epimerase and GDP-fucose synthetase. Transduction 
was used to form heterozygotes. When the gene was integrated on the chromosome, 
/ 
the non-mucoid condition was dominant. The transfer of the caPR locus as part 
//. 
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an episome produced thereverse effect, mucoidiess, i.e. production of colanic 
id, being dominant. By culture in medium containing p-fluorophenylalanine, 
e regulator gene produced an inactive product, resulting in colanic acid production 
strains which were normally non-mucoid (Kang and Markovitz, 1967; Grant et al., 
59). 	Simultaneously an increase was noted in the level of several of the 
zynies involved in colaimic acid synthesis, including phosphomannose isoraerase, 
P-glucose dehydrogenase, 'OP-galactose-4-epinierase, GDP-mannose pyroho sphorylase 
d. GDP-fucose synthetase. The increase in enzyme levels was 2.5-3.3 fold for 
me of the enzymes but as high as 1 13 fold for IJDP-glucose pyrophosphorylase 
ieberman et al., 1970). 	The capacity to form colanic acid seems to extend 
most E.coli and Salmonella species as Grant et al, (1969; 1970) showed that 
ider appropriate conditions, colanic acid was produced unless a recognised 
fect was present in an enzyme essential for its synthesis. This was also 
flected by high levels of GDP-fucose and IJDP-glucuronic acid in the nucleotide 
ools of cells synthesising the exopolysaccharide0 The increase in the two 
ugar nucleotide levels occurred simultaneously when non-mucoid repressed cells were 
ultured in the presence of p-f luorophenylalanine. It thus seemed that cont1 
as normally through the reaction of a single repressor rendered inactive by 
he amino acid analogue. These results were therefore in good agreement with 
hose of Markovitz and his colleagues. The genera Escherichia and Salmonella 
ogether with Aerobacter cloacae thus fell into three groups: 
) strains normally producing colanic acid - A. cloacae and many E. coli Ki 2 sub-
strains; 
strains producing the polymer when grown under 	 , energy-rich 
conditions - most E,coli and some Salmonella types; and 
cultures which were only mucoid in media containing fluorophenylalanine. 
It still remains to be determined whether the repressor is part of an operon 
controlling all the genes involved in colanic acid synthesis. 	If this is so, 
an appreciable part of the bacterial genome may be involved, as a large number 
of enzymes are thought to be involved in the formation of the complex 
oligosaccharide unit which is polymerised to colanic acid (fig-28 ). 
5a, 
tations affecting exopolysaccharide synthesis. 
Numerous mutations can affect the production of bacterial exopolysaccharides. 
.e use of several such mutants in work on polymer production has already been 
otioned. 1Qfl-mUCOid colonies were frequently noticed during subculture of 
coid bacterial strains. Such cultures provided much information during studies 
DiDlococcus oneumoniae capsule synthesis, a system which had the advantage that 
ansformation provided a means of genetic interchange between non-mucoid strains. 
Lost mutations affecting enzymes know to participate in exopolysaccharide 
rnthesis lead to non-mucoid (a) derivatives, Such mutants resemble the wild 
y-pe bacteria with regard to most of the enzymes leading to exopolysacchexide 
ormation. Thus in D,pneumoniae, wild type and non-capsulate cells both 
ontained the enzymes involved in metabolism of U-sugar nucleotides and the 
ctual sugar nuceotides were isolated and identified (Smith et al., 1957). 
he loss of exopolysaccharide synthesis may be due to deletions in precursor 
ynthesis, in transferases, or in polymerase. Because of inter-relatedsystems 
oming under specific control mechanisms, it might be expected that loss of one 
nzyme in a sequence would lead to altered levels of others. Pew attempts to 
ieasure the levels of enzymes involved in different stages of polysaccharide 
;ynthesis have been reported. 	Changes in levels of several enzymes-leading to 
olanic acid formation in E,coli were observed (Liarkovitz et al., 1967) in 
nutants. Non-capsulate mutants of E,ccli K27 varied greatly in the levels of 
JDP-glucose pyrophosphorylas e, phosphoglucpmut ase, UDP-galactose-4-epinerase 
and GDP-mannose pyrophosphorylase (Olson et al., 1969) indicating a lack of 
norrelated control in this strain at least. Similai results were obtained 
using non-mucoid derivatives from two different serotyDes of K,aerogenes 
(Norval, 1970). 
5413, 
The mutants already mentioned which have lost the ability to form capsule, 
retain the ability to secrete slime, can undergo further mutation involving 
of polymer synthessing caacity. There are thus two pathways of mutation 
ding to production of 0 (non-mucoid) mutantà. 	(fig. 29). The conditional 
ants (CR-mutants) also mentioned can also undergo a second mutation to 
duce cells completely unable to form polymer. These CR-O mutants resemble 
CR type in autoagglutinability t low incubation tempercti)re and in their 
;ered phage-sensitivity (Norval and Sutherland, 1969). They also resemble 
iutants in their stability. Pew revertants to mucoidness have been obtained 
g. Norval, 1970; Sutherland, unpublished results). The CH mutants differ 
that they are less stable and revertants to capsulation at low temperature 
ur. Despite the low level of reversion of CR-0 mutants to mocoidness, it is 
sible to isolate revertants to the 0-characteristic by selecting for 
itracin resistance (Sutherland, unpublished results; fig. 29). This tends 
confiri the postulated involvement of a GCL defect in the CR mutants. 
itracin-resistant mutants probably have elevated GCL levels to circumvent 
failure to dephosphorylate GCL-pyrophosphate which has been identified as 
mode of action of this antibiotic (Siewert and Strominger, 1967). 
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ie function of opolysaccharides 
Various hypothetical functions have been suggested for bacterial 
:opolysaccharides. Most of these have implied a protective function - 
;ainst desiccation, against phagocytosis or against bacterioohages, While 
iere may certainly be some possibility of the first two roles being correct, 
ie occurrence of a number of phages capable of inducing capsule—destroying 
zymes suggests that capsules frequently present no real barrier, to phage 
fection. They may even in fact act as a receptor for certain phages 
:I,L. Wilson, unpublished results ) 9 as a Kiebsiella phage absorbed with much 
eater  efficiency to capsulate than to non—capsulate strains. Thus the 
apsule might function as a primary viral receptor while the cell wall is a 
econdary receptor. 
Protection against phagocytosis may also be associated vrith a function for 
the exopolysaccharides as agressions in pathogenic bacterial strains. They 
night inhibit lysozyme, the acid oolysaccharide combining with the basic protein, and 
)ther antibacterial substances. The capsules may also inhibit bacterial 
engulfment by amoebae. The protection against desiccation is most likely to be 
Df importance to soil species and it is certainly true that many of these produce 
exopolysaccharides. A further role could be in the adsorption and provision of 
nutrients and ions. The numerous free carboxylic acid groups of the uronic acids 
and ketals available in many of these polymers could permit this. Also, the 
amount of water bound to the capsule (which is 9 water) might allow some of it 
to be utilised by the cell. Further elucidation of these possible roles must 
await adequate data on the binding and exchange of molecules to exopolysaccharide 
material. 
Unanswered cuesti. ons. 
Despite the volume of work on bacterial exopolysac char ides which has been 
amassed, there are still a large number of unanswered questions, 
i) The real function of exopolysaccharides is still obscure and it remains 
perplexing that microbial cells should expend so much energy and exert 
such complex regulatory and genetic mechanisms on their synthesis. 
560 
The difference between slime and capsule is thought to exist in the loss 
of a specific receptor or binding site from mutant cells which, although 
originally capsulate, become slime-farming. This remains unproven and 
other possibilities such as loss of a binding enzyme, may be considered. 
?hen a caoulate cell divides, does the capsule undergo some parallel form 
of division. It would be interesting to know whether and to what extent 
the capsule on either daughter cell is derived from existing and new 
polysaccharide and to what extent the process resembles deposition of 
mucopeptide in the bacterial cell wall. 
The mechanism of polysaccharide acylation and modification is still obscure. 
In particular, it remains to be seen whether acylation normally occurs through 
a limited range of donors and subsequent modification of the acylated polymer. 
The stage at which poly -merisation occurs is also unknown. 
It is clear that during exopolysaccharid.e synthesis, carrier lipids are 
involved and that these polyisoprehoid phosphates are interchangeable in the 
synthesis of other repeating unit polymers - liopolysaccharide, mucopeptide - 
in vitro, I-1hat is not clear is whether there is any specificity in the use 
of these lipids, either through slight modifications to the lipid or through 
spatial separation of polymer-synthesising sites on the cell membrane. 
Alternatively, is there discontinuous synthesis of lipid-requiring polymers? 
The size of the repeating unit farmed on the lipid is not clear, nor is the 
nature of the acceptor to which is transferred. This aspect may be related to 
(2). The loss, through mutation, of an accptor molecule might lead to release 
of soluble slime from the GOL instead of normal capsule formation. 
Conclusions. 
Bacterial exopolys ac char ides are a complex group of polymers containing a 
variety of monos ac char ides and acyl and other substituents. They are essentially 
linear strands many of which possess side-chains of one or more monosaccharides 
attached at regular intervals to the chain. Almost all such exopolysaccharides are 
probably formed from repeating units of 2-6 monosaccharide residues which are assem'dd 
from glycosyl donors, onto a polyisoprenoid phosphate carrier by membrane-bound ensymes0 
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fter polymerisation, the molecules are extruded from the cell surface to form 
ither a slime unattached in any way to the cell or a discrete capsule which 
as an attachment mechanism as yet undetermined, binding it to the outer layer 
f the cell wall. As a result of their regular structure, several 
xopolysaccharides are the substrates of enzymes from heterologous micro- 
rganisms or from phage-infected bacteria, which reduce them to their component 
)ligOSacCharideS. One group of bacterial exopolysaccharides, the bacterial 
lginates, are exceptional in that their components, and consequently their 
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GROWN ON NUTRIENT AGAR (72HR at 35°C) 
FIG. 2. NON—?RJCOID COLONIES OF IcLEBS:ELLA AEOC-rES MUTANT'S 
CULJR ON NUTRIT Ac-AR (72FIR AT 350C) 












Fi0 J 	Polysaccharide Synthesis in Viashed Cell Suspension by Log Phase ( o — o ) 
and Stationary Phase Cells of Kiebsiella aerogenes A1(Sl) 0 (vorvaj ., 1969).  
FIG. 5. THE LflKAGE OF PYRUVATE TO GLUCOSE AS A KETAL IN 
XANTHOMONAS CAMPESTR IS POLYSACCHARIDE. 




FIG. 6. TI SUBSThATES OF KLEBSIEIL PHPGE F34-INDUCED 
EMZLT4E 
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FIG. 11. 	TT -rucrunEOF COLANIC ACID 
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Fig. 129 	The ketals attachea to the ternina1 reducing galactose residues 
of colanic acid.. 	Garegg et al.. ,1971  a,b.. 
Pig. 18. 	The repeating unit of Diplococcus pneumoivae type 2 polysaccharide 
(Barker et a]., 1967). 
H 
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7 Gal -Transferase I 
Gal -,Transf erase E 
GIcUA- Transferase 
Polymerase 
Those enzymes listed include several (1 -41.) involved in precursor formation for several polymers. 
The rerinder are involved solely in exopolysacohalide biosynthesis. 	 0 
Fig. 23 a, '0. 	The glycosyl carrier lipids (GaL) involved in polyaccharide 
synthesis. 
CH 	 OH.. 	 CE 
Ca3 - C = CE - CH  (CE 2 - C = OH - OH2 ) 9 - CH  - C = CE - CH 2OH 
23a 
-CH - - - P - X 
23b 	Hhere.Xis an appropriate monosaccharide. 
FIG. 24 THE INCORPORATION OF MANNOSE FROM GDP-MANNOSE 
INTO LIPID. 
CELL MEMBRANE FROM TYPE 2 KLEBSIELLA WAS INCUBATED AT 
18°C and pH8 .0 WITH THE FOLLOWING COMPOUNDS: 
i) 
	
	 UDP-glucose, GDP-mannose 
GDP-mannose 
t UDP-glucose, GDP-rnannose, UMP 
A UDP-glucose, GDP-niannose, UDP-aalactose 
V) UDP-glucose, GDP-mannose, GMP 






















FIG. 25 COLONIES OF K. AOGTS CF MUTANT GRO.iN 
72HR at 350C 
MDIUT4 - NIZROGEEM DEFICIT AGAR (NDA) 
FIG. 26. cOLONIES OF K. AOGENES CR IUTANTS 
CULTURED 72 HR AT 3,00 on NDA MEDIUM 
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Fig. 28. The pathways of polysaccharide synthesis Ln binary 
capsulated D. pneumoniae cells. 
Type !II polymer 
Ar 	 Ii, 
Type III - 	 > UDP-Glc 	 > UDP-G1cA 
Type I 	 > TIDP-Glc 	 UDP-G1cA 	> UDP-Ga1A 
.1 ., 




3  UDP-G Pyrophosphory lase 
4IJDP-G Dehydrogenase 
5 Phosphoglucose Isomerase 
6 Phosphomannose isomerase 
7 Phosphómannomutase 
8 GDP-Mann Pyrophosphory lase 
.9,.9a GDP-Fuc Synthetase 
10 Fuc Transferase I 
11 GcUA Transferae 
12G!c Transferase 




16 UDP Gal-4 - Epimerase 
17 Gal Transferase I 	. 
18. Gal Transf erase 2 
19 Polvmerase 	.. 	s 
Fig. 29q, 	Liitations 	 synthesis in Kiboi1oenes. 
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•0 	 .. 	
:5. 
P39 	 . 	 . 	. 	.. 	 . 	.. 	. 	.. 
• 	. 	
. 	 v 	 . 	
• 
ACETYL 	 . 	 •. 
(Gic— GIcUA--FUC 	Glc —GICUAFUC) 
• 	/ 	 - 	. 	
H. 
Gic 	• 	 Gic . 	 • 	: 
• 	 f3SEnzyme 	 . 	.. 	.. 
ACETYL 	 . 	 . 
GLc - GLcUA—FUC 	. Na3 	
Gic - G!cUA - FUC 	• 	. 	. 
/ 	 . 	
/ 	
. 	. ....... 
• 	Gtc • 
Gc • 	 • 	• 	• . 	•. 
CUutase 	 . 	 ACETYL 	
callulase I • 	•• - 
v 	 . 	 :1 	
V 	•.---. 	 L 
GIc 	
GIc— GIcUA FUC GLcUA—FUC 	NaQH
- 	. ..... 	•. -- • 
• 	 ___ 	. 	 - 	
: 	. 
• 	Scheme I 	RYOP.O?SlS OF 1(LEBS1ELA A3 POLYSACCHARIDE (Type 
5) 
 
ACETYLATED FRACTIONS 	 • • 
	 • 	 . 	- 
(.ResutsfromSUt
kin 
All o±gosacch.riaes later prove'-3  to be formylatea. •• 	• • 
1 • 	 • 	 . 	 • 	 S 	••• 	• 	• 	• • 
Scheme 2 	A model for ex000lysaccharide synth.ja. 	
(Based on knovrn reactions for j.. aerojen type 8 and related specie 
Location 	Function 	 Reaction 
Intercellular 	Formation of precursors 	
Glucose— glucose-6-phosphate--' glucose-1-phosphate 
and UDP-glucose 	UDP-galactose 
1Iem rane  
UDP-lucuronic acid 	etc. 
ilembrane 	Assembly of sugars as repeating unit 
UDP-glucose UDP-galactose 	 UDP-glUcU.roflic acid 
MIT 	>UDP UDP 	 UDP 
Glycosyl carrier lipid phosphate] - phosphate-Gic-Gal- Gal - G1cA 
Membrane 	Polymerisation 
GCL-P-P-Glc- Gal - Gal - G1cA 	+ 	GCL-P-P-Glc - Gal - Gal - G1cA 
'1/ 
GCL- P-P-- Glc- Gal - Gal - Gic - Gal - Gal 	+ GLC- pyrophosphate. 
I 	I . 
GlcA 	 G1cA 
Membrane 
and 	 Transfer to acceptor 
Cell Wall 
(and extrusion?) 
Acceptor - [Glc - Gal - Gal ] + GCL- pyxophosphate 
G1cA 









L-F uco Se 
L-Rhanmose 














Colourimetric for Fruose 
Colourimetric for keto sugars 
Colourimetric for keto sugars 
Colourimetric 
Colourimetric 
Hugget and Nixon (1957) 
Amaral et al. (1966) 
Wallenfels and Kurz (1962) 
Palleroni and Doudoroff (1956) 
Domagk and Zech (1966) 
LLtderitz et al. (1964) 
Sempere et al. (1965) 
TABLE 2 
	THE PYRtJVYLATED SUGARS ISOLATED FROM KLEBSIELTA POLYSACCHARIDES 
Type Strain Pyruvylated Sugar Rglc 	in 	
Solvent 	 Mglcua 
B C 
1 is Fucose [?] 0.81 2.20 0.1 
• 19 • 	•. - 	 V 
Al V 	 V 
1803, V 




• 	 V 
0.68 1.65 0,98 
• 	30 	• • 889 Galactose 	V 0.68 1,64 • 0.85 
V  
° Galactose 0.93 1.88 • 	0.87 
1. u9 724 Galactose V 	0.68 1.64 Ô,87 
• 	
V 	
1 w • V 	Galactose 	V 0168 1.64 0.87 V 














Table 3 	 PYRUVYLATED OLIGOSACCHAREES AND TIIETh PROPERTIES 
STRUCTURE STJBSTITUENT 
* 
MG1cA RGlc in SOLVENT: 
A B C 
0.13 0,19 0.08 GAL- 	G1cA3GAL 0.54 
Gal- 	G1cA-* Gal PfRUVATE 0.87 0.73 0.28 0.34 
Gal--> G1cA-.+ Gal-+ Fuc PYRUVATE 0.76 - 0.32 0 -53  
Gal-+ G1cA- Gal-s Fuc PYRUVATE 0.64 - 0.09 0 .42 
Gb 
Glc-3 Ga]. - 	Gal - 0 0.20 0111 0.09 
Gb c - Gal -+ Gal PYRUVATE 0.41 0.28 0.23 0.15 
*Mobilit relative to glucuronic acid. (pyridinium acetate, pH 5.3). 
Solvents: A_  ethyl acetate-pyridine-acetic acid-water (5:5:1:3); 
butanol-acetic acid-water (4:1:5); 
acetic acid-formic acid-ethyl acetate-water (3:1:18:4) 
Results of Sutherland (1969) and unpublished.. 
Table 3A. 	The host range of bacteriophages inducing po1ysacchases 
acting on colanic acids 
Growth on 	 - 




	flrirtnn1 host 	s23 553 s53C K12 Others 5020 Others 
Escizcric/zia coli 
F1 
F5, 20, 27 
F12, 13, 14 
s33 	 + 	+ 	+ 	+ 
S53 + + -I- + 	- 
Ae-robacler cloacae 
5020 	 - 	- 	- 	- 
+ = confluent lysis, - = no lysis, ± = variable 
- 	 ±• - 
- + -. 
TABLE 4. 	 PHAGE - INDUCED ENZYMES HYDROLYSING EXOpOLYSACCHARIDES 
BACTERIA PHAGE PRODUCTS CHARACTERISED REFERENCE 
K O PNEUMONIAE 	TYPE 1 - HIJMPHRIES (1948) 
KOPNEUMONIAE 	TYPE 2 Kp - PARK (1956) 
K0 PNEUMONI AE TYPE 	2 TETRASACCHARI DE WATSON (1966): 
SUTHERLAND (unpublished) 
K. AEROGENES 	TYPE 54 F31,39 TETRASACCHARIDES, OCTASACCHARIDE SUTHERLAND (1967) 
E000LI F1,F12 HEXASACCHARIDE 
SUTHERLAND 	& 	WILKINSON (1965) 
SUTHERLAND (unpublished). A,CLOACAE 
AZOTOBACTER sp. A22 - EKLUND & WYSS (1962) 
BARTELL, ORR & LAM (1966) 
Ps,AERUGINOSA 2 - BARTELL, LAM & ORR (1968) 
Ps0PUTIDA CHAKRABARTY, NIBLACK & GUNSALIS (1967) 







Some enzymes of 	 IxUe structure 




3 -Glucosidase + 
Hydrolyses -ga1actosy1 1 —> 4 glucose. 
Hydrolyses some P glucosyl 1 —3 4 linked residues resistant to 
other -glucosidases. 
Acts on many o..-D-glucopyranosides. 
Acts on many -D-lucopyranoides, but activity is lower when the 
terminal reducing sugar is not a hexose. Commercial preparations 
are normally impure, containing o.--glucosidase and -galactosidase 
activity as well as other glycosidases. 
o,.:-Galactosidase 






Hydrolyses several o-D-galactopyranosides. 
Hydrolyses numerous j-D-galactopyranosides. 
Hydrolyses c.-D-mannopyranos ides. 
Hydrolyses -D--mannopyranos ides. 
Acts on several ..-1,3,-D-g1ucosides. 
Although this enzyme hydrolyses many -D-glucuronides, commercial 
preparations frequently contain -glucuronidase and other glycosidases. 








O-.-L-Fucosidase 	 Hydrolyses -L-fucosides, but, depending on the source, may contain 
(-L-fucosidase and hexosaminades. 
o...-N-acetylglucosaminidase 	The preparations from limpets contain other glycosidases. 
3-N-acetylglucosarninidases This enzyme, prepared from various sources, hydrolyses many ç.'-N--acetyl- 
D-glucosaminides. 
+ Preparations of these enzymes can be obtained commercially. 
Table 6 • The Monosaccharides found in Kiebsiella exopolysaccharides 
Type 	Monosaccharides 
Pucose, glucose, glucuronIc acid 
Marinose, glucose, glucuronic acid 
Mannose, galactose, galacturonic acid 
Mannose, galactose, glucose, uronic acid 
Mannose, galactose, glucose, uronic acid 
Galactose, glucose, glucuron.tc acid 
Rhaznnose, galactose, glucu.ronic acid 
Mannose, galactose, glucose, glucuronic 
acid 
Mannose, galactose, uronic acid 
Rhaznnose, glucose, glucuronic acid 
Mannose, galactose, glucose, .uronic acid 
Mannose, galactose, uronic acid 
Mannose, galactose, glucose, uronic acid 
Rhainnose, galactose 
Rhainose, glucose, glucuronic acid 
Rhazinose, galactose, glucuronic acid 
Rhannose, galactose, glucuronic acid 
Pucose, glucose, glucuronic acid 
Mannose, galactose, uronic acid 
Galactose, glucose, glucuronic acid 
Bhainnose, mannose, glucose, glücuronic 
acid 
Mannose, glucose, galactose, glucuronic 
acid 
Rhannose, glucose, glucuronic acid 
Rhamnose, glucose, glucuronic acid 
References 
Barker et al., 1963a 
Gahanà1., 1967 
Henriksen & Eriksen, 1962 
Eriksen, 1962 
Henriksen, et al., 1961 
Dudman & Wilkinson, 1956 
Heidelberger et al., 1970 
NiTrimich, 1969; 
Eriksen & Henriksen, 1963 
Eriksen & Henriksen, 1963 
Nimmich, 1969 
Dud.xnan & Wilkinson, 1956 
Dudman & Wilkinson, 1956 
Sutherland, unpublished 
Heidelberger et al., 1970 
Nixnmich, 1969 
Heidelberger et al, 1970 
Heidelberger et a].,, 1970 
Dudmazi & Wilkinson, 1956 
Dudman & Wilkinson, 1956 
Iflmmich, 1959 




Table 7. 	 The components of some D.pneumoniae exopolysaccharicles 
Serotype Sugars etc. Reference 
I N-acetyl--D--glucosamine, D-galacturonic acid, acetate Fleiclelberger 	(1960) 
II L-rhamnose, D-glucose, D-glucuronic acid Barker et al. 	(1966b) 
III D-glucuronic acid, D-glucose Adams et al. 	(1941) 
V N-acetyl-L--fucosamine, pneumosamine, D-glucose, D-glucuronic acid Barker et al. 	(1966b) 
VI D-galactose, D-glucose, L-rhamnose, ribitol, phosphate Rebers and Heidelberger (1961) 
VII D-galactose, D-glucose, L-rhamnose, N-acetyl-D-glucsamine, Tyler and Heidelberger (1968) 
N-ace tyl-D-galacto s anline 
VIII D-galactose, D-glucose, D-glucuronic acid Heidelberger (1960) 
IX D-glucose, D-giucuronic acid, N-acetyl-D--glucQsamine Rao and Heidelberger (1966) 
XIV D-galactose, D-glucose, N-acetyl-D-glucosamine Heidelberger (1960) 
XVIII D-galactose, D-glucose, L-rhamnose, glycerol, phosphate. Estrada-Parra et al (1962) 
XIX D-glucose, L-rhamnose, N-acetyl--D-mannosamine, phosphate Miyazaki et al.(1971) 
XXXI L-rhamnose, D-galactose, D--glucuronic acid. Roy et al. 	(1970) 
XXXIII D-galactose, D-glucose, D-galacturonic acid, arninosugar Mills and Smith (1962) 
XXXIV D-galactose, D-glucose, ribitol, phosphate Roberts et-al. 	(1966) 
Table 51' 	KLEBSIELLA TYPE 8 ( STRAIN A4 ) 
TRANSFER OF SUGARS TO LIPID IN MUTANTS 
Strain Sugar Transfer Mutant 
nmol/hr/mg.protein 
Glucose Galactose Ratio 
A4 0.124 0.284 2.3 - 
034 0.053 0.090 1.8 ? 
036 0.053 0.124 2.3 ? 
027 0.022 0.054 2.5 ? 
037 0 0 - Glucose Transferase 
029 0.013 0 - Galactose Translerase I 
038 0.020 0 - 
032 0.061 0.070 1.1 Galactose Transferase II 
031 0051 0.065 1.3 
